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Medlin, Elizabeth A. (M.S., Geology) 

AN IN VITRO METHOD FOR ESTIMATING THE RELATIVE 

BIOA V AILABILITY OF LEAD IN HUMANS 

Thesis directed by John W. Drexler, Ph.D. 

Work to define the bioavailability of Pb from various sources is necessary to 

further establish the relationship between exposure and the harmful effects of Pb on 

humans. Most reliable 11bioavailability11 studies in this area have utilized animals or 

humans as subjects, which are costly and limited in their control. The proposed 

in vitro technique in this study is an alternative to those in vivo studies. 

The main purpose of this research was to design an in vitro method to mimic 

dissolution of Pb in the stomach, and uptake in the small intestine. Heat, enzymes, 

stomach acids, and mechanical mixing, were ultimately used to quantify the 

bioavailability of Pb. This in vitro experiment has been calibrated to an accepted 

in vivo model, swine. Results showed a very close fit between the two data sets for 

Pb (r2 = 0.85). 

Other in vitro study parameters investigated with respect to their effects on the 

bioavailability of Pb were: pH, particle size, dose response, Pb mineralogy, and food 

presence in the stomach. Results showed that a decrease in either stomach pH or 

sample particle size may increase the bioavailability of Pb. Also, the physical and 

chemical make-up of a particular Pb sample had a dominant influence on subsequent 

bioavailability. These results substantiate the need for site-specific investigations. 

This in vitro technique provides an inexpensive and easy way to thoroughly 

investigate each site for more accurate determination of acceptable Ph levels. In the 

May be protected by Copyright Law (Title 17 US Code) 



future, as more contaminated test samples are fed to the swine, more samples can be 

added to the regression line for the calibration of the in vitro method. Eventually this 

laboratory model may prove to be more efficient and cost-effective than in vivo 

models at predicting the bioavailability of soil lead in humans. 

iv 
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GLOSSARY OF TERMS 

in vitro - literally translated: "in glass" (Latin); refers to any non-whole, animal 

studies. Usually refers to removing an organ from an animal and testing it outside the 

body, however in this paper all components are synthetic. 

in vivo - literally translated: "in the living" (Latin); refers to experimental studies that 

use animals as subjects. 

availability - solubility or dissolution concentrations of a particular heavy metal in 

the human system; more specifically, the amOlmt ofPb2
+ in solution at equilibrium in 

the small intestine. 

bioavailability - the portion of a heavy metal that is absorbed into the human 

bloodstream; is usually less than the "available" amount due to incomplete uptake in 

the small intestine. 

in vitro relative bioavailability - % BAF, calculated with the [Pb (nq) ] analyzed in 

samples from in vitro experiment; can then be multiplied by a "percent uptake" from 

any system (human or animal) to get the "absolute bioavailability" of that system. 

in vivo relative bioavailability - calculated by comparing the reference material (lead 

acetate) to the test material (dosed soil-lead sample) to find the ratio of doses that 

produce equal biological responses in a test animal. 

absolute bioavailability - the resulting percentage after an adjustment is made to the 

"in vitro relative bioavailability" amount by multiplying by an estimated "percent 

uptake" of a contaminant for a particular system. 

For example, if the "absolute bioavailability" of lead in children is approximately 

equal to 50% of the "relative bioavailability" : 
absolute bioavailability = 0.5 * (relative bioavailability). 

May be protected by Copyright Law (Title 1TUISS:-tC:io1rdfi'eiT') ____________ _ 



I. INTRODUCTION 

Lead (Pb) is nearly ubiquitous in our environment, enriched by both natural 

and anthropogenic sources. Once in the human body, Pb can cause many 

physiological problems. Today, Pb is the number one contaminant of concern 

according to the U.S. Environmental Protection Agency's (EPA) national priorities 

list of 27 5 toxins (Xintaras, 1992). It is generally thought that young ( < 7 years old) 

children and women of child-bearing age represent the groups of highest risk from 

exposure to this contaminant. In 1995, the World Health Organization (WHO, 1995) 

called for further research in "work to define the bioavailability of lead from different 

sources and to establish the relationship between exposure and body burden". The 

proposed in vitro model presented in this paper aims at answering that call. 

In this paper, the term bioavailability is used to describe the amount of a 

heavy metal that is absorbed into the human blood stream, and thus available for 

transfer to target organs such as the brain, liver, kidney, or bone. In contrast to this, 

the term availability, a precursor to bioavailability, refers only to solubility and 

dissolution concentrations, or to the amount of Pb that could be in solution at 

equilibrium in the small intestine. The resulting relationship between terms is the 

fraction of bioavailable lead is usually less than the available fraction, due to the 

May be protected by Copyright Law (Title 177-ro-r.:s:r~cr.-orua=r.::e'>i)-------------.. 
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incomplete uptake of solubilized Pb by the small intestine (the principal organ 

involved in metal absorption). The term "in vitro", literally meaning "in glass", refers 

to any non-whole, out-of-body, animal studies. 

The bioavailable fraction (BAF) of a particular contaminant is used as a 

conservative estimate of the uppermost exposure limit that may present a hazard to 

the high risk groups. Most reliable "bioavailability" studies use animals (e.g. rat: 

Barltrop and Meek, 1975; Jugo et al., 1975; Dacre and TerHaar, 1977; Conrad and 

Barton, 1978; Mullen et al., 1980; Aungst et al., 1981; Dieter et al., 1993; Freeman 

et al., 1994; swine: LaVelle eta!., 1991; Casteel et al., 1996; monkey: Freeman et 

al., 1995; rabbit: Davis et al., 1992; frog: Stansley and Roscoe, 1996; and bird: 

Connor et al., 1994) or humans (Cleymaet et al., 1991; Graziano et al., 1996) as 

subjects; these have proven to be both costly and limited in their control. An in vitro 

procedure, when calibrated to an appropriate in vivo model, can be used as a less 

expensive, reliable technique for determining the bioavailability of lead in humans. 

The purpose of this research was to design an in vitro method to mimic 

dissolution of heavy metals in the stomach and absorption in the small intestine. This 

simple, physiologically-relevant extraction procedure is used to estimate the 

bioavailability of lead in humans. As a necessary step, the in vitro test was calibrated 

to an appropriate in vivo (literally: "in the living", refers to using animals as subjects 

for experimental studies) model. For the purpose of this in vitro model, the swine has 

been chosen as an animal model that plausibly mimics the human digestive process 

(Weis and LaVelle, 1991). 

May be protected by Copyright Law (Title T7/l"O-r.:s:r~cr.-0n;a:r.:e'>i) ____________ _ 
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Within its air and drinking water programs, the EPA often sets standard limits 

for particular toxins that would apply to human exposure. However, studies show 

that mineral characteristics, such as the variations in the physical and chemical lead 

species, may make it impossible for one standard to cover all soil Pb bioavailability 

(Barltrop and Meek, 1975; Cheng et al., 1991; Cotter-Howells and Thornton, 1991; 

Davis et al., 1992). If this is indeed the case, each situation can be tested individually 

by the use of this in vitro technique. For most risk assessment modeling for soil 

exposures, total concentrations of contaminants are used to estimate exposure risks in 

different environmental settings. However, when the importance of mineralogy, soil 

matrix, and particle size, are taken into account it may be determined that the 

acceptable soil Pb levels will be raised or lowered according to the lead mineral 

present at the site. Site specific data can be easily tested with the aid of an in vitro 

technique. 
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II. PROBLEM DESCRIPTION 

2.1. Background 

In 1991 the Centers for Disease Control and Prevention (CDC) recommended 

that the level of lead in blood (blood lead: PbB) not exceed 10 1-lg dl-1 (Danse et al., 

1995); this is the same recommended level that stands today. This current level is 

contrasted to a much higher recommended PbB level from 1960 Gust 31 years earlier) 

of 59 !lg dl"1 (Needleman, 1992). As research progresses and the public becomes 

more aware of the potential dangers of lead, this level may drop even further 

(Graziano, 1996). Most recently, this trend of concern over lead is evidenced by the 

citing of lead as a major hazardous chemical at 47% of the Superfund (National 

Priorities List or NPL) sites in the United States (Choudhury et al., 1992). Schwartz 

(1994b) proposed that even a 1 J.tg dl-1 decrease in the country's mean PbB level 

would produce as much as a $3.5 billion savings in annual health benefits costs. 

Despite the potentially dangerous qualities lead possesses, it is also a useful 

metal to an industrialized society. Since the onset of the Industrial Revolution, lead 

use has undergone an exponential rise (Figure 1 ). The question of whether the pros 

May be protected by Copyright Law (Title 17 U::;~TC:rioJ'tde~)~------------
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(usefulness for humans) outweigh the cons (harmfulness to humans) is still a matter 

of debate (Hays, 1992). Some researchers propose that there are alternative 

substances that could and should be used to replace Pb in many of its traditional uses 

because of the harm that environmental Pb causes to human health (Patterson, 1980). 

The qualities that make lead such a useful metal are that it is exceptionally 

malleable, while also possessing high density, a low melting point, and a sound 

insulating quality. Lead also has a high corrosion resistance, and high opacity to 

gamma and x-ray energies (WHO, 1995). These qualities make for a metal that is 

very stable and easy to work with. Examples of common lead-sources encountered in 

daily activity are glass containers, batteries, solder, and chemical waste (Cheng et al., 

1991). In 1986, the United States used over 1 million tons of lead; storage battery 

production accounting for the bulk (76%) of this utilization (Matte et al., 1992). 

Recently however, Pb concentrations in both gasoline (most lead was eliminated from 

gasoline in the U.S. by 1986; but leaded-gasoline is still a problem in undeveloped 

countries; Hafen and Brinkmann, 1996) and paint produced in the U.S. have 

significantly declined in response to more stringent environmental regulations. 

2.2. Harmful Effects 

The list of physiological complications resulting from Pb exposure is virtually 

endless- in fact, it is simpler to list those systems left unharmed by Ph exposure: skin 

May be protected by Copyright Law (Title 1177 TOr.:::s:~c:;0:varce:~) -------------
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and muscle (WHO, 1995). The reason Pb is so toxic to so many physiological 

systems is that it interferes with a component of all cells, the mitochondrion (the 

energy-producing center of the cell). As a result of this interference, lead can then 

substitute for various essential minerals (Choudhury et al., 1992). 

Prior to acute lead toxicity, there are measurable physiological symptoms that 

can indicate possible lead exposure to the human system (Table 1 ). Blood lead (PbB) 

typically is the measurement for evaluating recent exposure in humans (Casteel et al., 

1996). Lead alters the enzymatic steps prior to haem (the Fe porphyrin component of 

hemoglobin) synthesis. One enzyme, ALAD (5-aminolaevulinate dehydratase) is 

inhibited by the presence of Pb in the system (at the 10 f..Lg/lOOmL level). This 

inhibition, in turn, depresses the synthesis of another rate-limiting enzyme, ALA (5-

aminolaevulinate ). The consequence is that the precursors to ALA are over-produced, 

and then excreted in the urine (at the 40 ~LgllOOmL level). 

Table 1. Whole blood lead levels associated with specific biological responses in 

children (National Academy of Science, 1980). 

Blood Lead Level (J.lg Pb/100 mL) 

8 
10 

15-20 
40 
40 
40 

50-60 
50-60 
80-100 (acute levels) 

Effect 

Subtle neurological impairment (Graziano, 1996) 

ALAD inhibition 

Erythrocyte protoporphyrin elevation 

Increased urinary ALA excretion 

Anemia (lowered hemoglobin count) 

Coproporphyrin elevation 

Cognitive (CNS) deficits 

Peripheral neuropathies 

Encephalopathic symptoms 

(also occur at low levels) 
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Lead also interferes with the conversion of protoporphyrin to haem by 

inhibiting ferrochelates (15-20 ~-tg/lOOmL level). Another enzyme couple that is 

inhibited by Pb is COPR0-0/COPRO, with the over-production of COPRO 

(coproporphyrin) also detected at the 40 J..Lg/1 OOmL level. Lead-induced anemia ( 40 

~-tg/100mL level) can also be caused directly by the inhibition of haem production. 

Anemia is a common effect seen in occupationally-exposed lead workers that is easily 

diagnosed and thus a clear lead toxicity marker. 

As the haem body pool is depleted by Pb, there is a potential for a multi-organ 

impact such as: cardiovascular dysfunction; impaired development of the nervous 

system (50-60 ~-tgll OOmL level); peripheral neuropathy (often detected by weakened 

limbs); impaired bone and tooth development; and at the 80-100 ~-tg/lOOmL level, 

elevated brain levels of tryptophan, serotonin, and HIAA. 

With increasing blood lead levels, the consequences to the human body 

become more grave; though the subtle effects of low Pb concentrations may also 

significantly contribute to possible neurological disorders observed in children 

(Needleman and Gatsonis, 1990). Before lead can harm the body's cells, it must be 

absorbed and transported to target organs like the brain, liver, kidney, or bone (Fowler 

and DuVal, 1991; Dieter et al., 1993). Many questions still remain as to the precise 

mechanisms ofPb toxicity in humans. No single mechanism seems to be sufficient to 

account for all diverse effects ofPb (Luthman et al., 1994). 

Although data are sparse concerning the effects of lead on the immune system, 

animal studies have shown Pb to be a depressor of the immune system (Lutz et al., 

May be protected by Copyright Law (Title 17 US Code) ____________ llllilllil!llll 
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1994). Examples of detrimental effects of Pb in children are: impaired growth and 

hearing; possible reduction in IQ; reduced hemoglobin synthesis; reduced vitamin D 

metabolism; and reduction in nerve conduction velocity. Other signs of Pb toxicity 

are: increase in erythrocyte protoporphyrin; impaired kidney function; colic; anemia; 

encephalopathy; and even death. (Mahaffey, 1977; Xintaras, 1992). Adults can 

experience many of the same effects from lead exposure as those seen in children. 

Typically, adults experience peripheral neuropathies prior to CNS effects. Adults 

may also undergo an increase in blood pressure (Khalil-Manesh et al., 1994), 

infertility, and shortened life span (Xintaras, 1992). 

By using the markers in Table 1, blood-lead levels can be used to assess 

potential lead toxicity in humans. According to the EPA, blood lead is a more 

appropriate test for exposure to lead, than a level in air or an oral level (Choudhury et 

al., 1992). However, the half-life (t y.) oflead in the blood is about 36 days, so it can 

represent only recent exposures (WHO, 1995). Most Pb is stored in bone: about 90% 

in adults, and 70% in children (Steenhout, 1992; Dieter et al., 1993). The bone 

continues to be an endogenous source of lead to the body throughout a lifetime 

(Steenhout, 1992). Teeth also have a high capacity for absorbing lead from solution, 

and may prove useful in measuring the internal Pb exposure over longer periods of 

time (Cleymaet et al., 1991; Karakaya et al., 1996). Estimation of the amount oflead 

remobilized from these endogenous sources due to the processes of growth or 

osteoporosis for example, have been measured by long-term stable isotope analysis 

(Gulson et al., 1996b). 

May be protected by Copyright Law (Title 177LOJ!:SfiC~orudlFe!l)--------~~~~~~~~~-----
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2.3. Lead in the Environment 

For cationic metals, the ion is the primary bioavailable form (Hamelink et al., 

1994). For lead, the Pb2
+ ion is the dominant environmental form (Davies, 1990). 

Environmental lead exposure is possible from many different pathways, such as: air 

(e.g. smelter activity, ongoing automobile emissions in developing countries; EPA 

limit: 1.5 1-Lg m"3
); food (e.g. canned food, and seafood); water (e.g. lead pipes, solder, 

and brass taps; EPA limit: 15 1-Lg L"1
); indoor housedust (the EPA is currently setting a 

limit for interior dust and bare soil under Title X of the Housing and Community 

Development Act of 1992; Clark et al., 1996); and soil. Soil particulate matter 

contains a variety of possible binding sites for lead (Table 2). 

Table 2. Classification of Pb binding sites in environmental media 

(Chaney et al., 1989). 

Classification 

Surface absorption 

Organic matter 

Lattice 

Example 

Amorphous crystalline Fe and Mn oxides. 

Clay minerals. 

Uptake by living organisms. 

Chelation/complexation. 

Secondary minerals. 
Undecomposed primary minerals. 

An example of a lead form found in soil is PbS04 which has been shown to 

form from the oxidation of PbClBr found in gasoline emissions (Harrison et al., 

1981). A recent study site adjacent to an interstate (I- 275, Tampa, FL) showed over 

May be protected by Copyright Law (Title 17 US Code) - ------------



11 

50% of the samples (n = 224) had Pb levels of 500 f.lg g·1 or greater. Unusually, they 

did not find evidence for decreasing Pb content with distance away from the highway 

(Hafen and Brinkmann, 1996). Other prevalent environmental forms of lead are the 

lead oxides, carbonates, and sulfates found in older house paints. Lead oxides are 

particularly toxic due to their high solubility in acidic medium. Envirolllllentallead 

contamination is also found associated with sewage sludge and lead-arsenate 

insecticides (Engel et al., 1996). 

Examples of heavily contaminated sites with high concentrations of lead are: 

Leadville, Colorado, from turn-of-the-century mining operations (Levy et al., 1992); 

Port Pirie, Australia, the world's largest and oldest primary Pb smelter, processing ore 

mainly from the Broken Hill deposit (Calder et al., 1994; WHO, 1995); Derbyshire, 

England, where lead contamination remains from 2000 years ago during time of 

Romans (Cotter-Howells and Thornton, 1991; WHO, 1995); and Arima, East 

Trinidad, a present-day battery recycling and lead smelter waste site (Mohammed et 

al., 1996). 

2.4. Routes of Entry - Exposure Pathways 

An important issue in isolating the effects of lead exposure is finding and 

quantifying the route of entry of Pb from the environment to humans (Figure 2). The 

main pathways for exposure between Pb and humans are: water, soil, dust, and the 

May be protected by Copyright Law (Title 17 US Code) ____________ _ 



Heavy metal 

Atmosphere 

Diet, 
Hand-to-mouth behavior 

Excretion Distribution 
in the 

t body 

Figure 2. Routes of lead uptake and distribution in the body 

(Modified from Fergussen, 1990). 

p 
A 
T 
H 
w 
A 
y 
s 

I 
N 
T 
A 
K 
E 
s 

A 
B 
s 
0 
R 
p 
T 
I 
0 
N 

D 
I 
s 
T 
R 
I 
B 
u 
T 
I 
0 
N 

12 

u 
p 
T 
A 
K 
E 

E 
X 
c 
R 
E 
T 
I 
0 
N 

May be protected by Copyright Law (Title 177l0J!s~c:Oo~de~)l ________ _._.illlllllllillilllllllllillilllllllllilli 



13 

atmosphere. Intake, following exposure, can occur via diet or hand-to-mouth 

behavior. The two main routes of intake of inorganic lead particles are either through 

the lungs (inhalation), or through the gastrointestinal tract (ingestion). For the in vitro 

experiment presented in this thesis, the gastrointestinal tract is examined as the 

primary route for lead entry into the body (uptake) (Figure 3). Once Pb intake has 

been achieved, then the Pb is absorbed into the blood stream and then distributed or 

excreted from the body. Compartments within the body that may accept Pb from 

blood are the bone, kidney, liver, and brain. 

Environmental sources of lead such as contaminated soil, mining waste, 

industrial waste, and paint, are typical sources of Pb exposure to humans (Figure 4). 

Incidental soil ingestion has often been identified as one of the most significant routes 

of exposure affecting final risk assessment estimates for children (Calabrese and 

Stanek, 1995). Hand-to-mouth behavior, such as thumbsucking, nail-biting, and 

mouthing of nonfood items, will increase the likelihood of soil ingestion by young 

children (Bornschein et a!., 1986). Lead present in the home is also a concern. 

Butler and MacMurdo (1974) have shown that the Pb concentration in housedust will 

tend to equilibrate with the outside airborne Pb, whether or not it is tracked in by the 

residents. The EPA lead model, IEUBK, contains a default assumption for indoor 

dust lead concentration equal to the outdoor soil Pb (or it is equal to 70% of the 

outside soil plus an additional contribution from airborne lead). The relationship 

between indoor and outdoor lead concentrations may vary significantly depending on 

other factors such as, presence of indoor lead paint or lead-based hobbies (Tsuji and 

Serl, 1996). During the wintertime months, most children spend more of their time 
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indoors, so the presence of Ph-contaminated house-dust is an important consideration 

as it seems that the home may offer little or no protection. 

Exposure to lead at the workplace is also a major route of consideration. 

Many jobs and hobbies involve the use or manufacture of lead products. Examples of 

occupations that involve lead exposure are: enamelers, ceramic or pottery crafters, 

glass blowers, jewelers, demolition workers, paint removers, battery makers, 

insecticide makers, plumbers, and miners or lead smelter workers. An alarming 76% 

of workers at smelter operations have PbB > 60 )-Lg dl -I. Of adult males with elevated 

PbB, surveys showed that 98% of them were potentially exposed to lead at work. 

Another documented exposure route for lead workers is the "fouling of one's own 

nest". This phrase refers to the practice of lead workers unintentionally transporting 

the lead particulate home with them, thus increasing the risk of lead exposure to their 

families (Matte eta!., 1992). 

2.5. Mechanisms of Biological Uptake 

The complex process of metal uptake by the human body via the small 

intestinal membrane can be understood as a three-stage process: adsorption onto the 

membrane wall, transfer through the cell membrane, and movement into the plasma 

(Ragan, 1983). Other processes that may facilitate lead absorption in the body are: 
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diffusion through tight junctions; and pinocytosis - neither of which require Pb 

interaction with the membrane. 

The first stage in membrane transfer involves metal uptake into the mucosal 

cell. The efficiency of adsorption depends on: the affinity of the Pb ion for tissue 

binding sites; availability of binding sites on the intestinal wall; and the nature of 

interaction between Pb2
+ and intestinal tissue (Blair et al., 1979). 

The second step in metal uptake is transfer through the cell membrane. Metals 

may be too hydrophilic to diffuse across lipid bilayers. Due to this phenomenon, 

transport of metals across biological membranes is often mediated by organic ligands 

(Figure 5). 

Transport of complexes through the membrane to the blood can be either 

active or passive transport (Mushak, 1991 ). Passive transport occurs due to simple 

diffusion following a concentration gradient imbalance. Active transport is an 

energy-requiring process fueled by the maintenance of chemical gradients. In the 

active transport process, the membrane concentrations of elements can be maintained 

in disequilibrium with the expenditure of energy (i.e., ATP). 

Carrier-mediated diffusion is a type of passive transport. Most metal ions are 

absorbed by carrier-mediated processes. The metal must combine with a carrier 

molecule (e.g., protein) for transfer through the lipid bilayer. The protein binding can 

be specific or non-specific. Once the metal is through the membrane, it can then be 

released freely or exchanged with other intracellular carrier proteins. Once inside the 

cell, exchange to stronger ligands may occur, and the metal may be trapped inside the 

cell (Williams, 1981). 
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Coupled associations of Pb with other elements may affect lead absorption. 

For example, if the body is deficient in either Fe orCa, the bioavailability of Pb may 

be increased (Xintaras, 1992). Slow diffusion of lead to the small intestine and lead 

transfer across the epithelial cells may also be associated with phosphate bonding 

(Ragan, 1983). A covalent bond oflead to tissues in the form of lead phosphates has 

been suggested because the mucosal epithelial cells are naturally rich in phosphate 

ions (Blair et al., 1979). 

Simple diffusion through the tight junctions between absorptive cells into 

intercellular space can also be important for lead (Mushak:, 1991). These junctions 

are negatively charged so they have a high affinity for the lead cation. Overall, the 

intestinal wall is a fluid mosaic infiltrated with protein and/or lipids. Due to its 

hydrophobic character, unrestricted flow of ionic species (i.e., most metals) from 

either the inner (luminal) or outer (serosal) sides does not occur. 

2.6. Children 

Infants, young children, and women of child-bearing age are the most 

vulnerable populations exposed to lead, and thus are the focus of the EPA's risk 

assessment efforts (Diamond, 1990). Typically PbB in a child increases from 0 - 2 

years old, followed by a steady decline as the child grows older (Johnson et al., 

1996). Some reasons for the high vulnerability of infants and children are: sensitivity 

of developing organs (e.g., blood-brain barrier); behaviors that increase soil and dust 
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exposure; higher GI absorption rates than adults; and Fe and Ca deficiencies which 

may facilitate Pb absorption (Diamond, 1990). 

Virtually all children in industrialized nations are chronically exposed to lead 

(Bellinger and Needleman, 1992). In 1988, an estimated 3 million children had blood 

lead levels > 15 !J.g dl"\ which is above the recommended limit for PbB (Xintaras, 

1992). These statistics are not meant to trivialize the importance of the detrimental 

effects of lead in adults, however it is also known that children absorb 3 - 1 0 times 

more lead than adults (Table 3) (Mahaffey, 1977; WHO, 1995). If an adult and a 

child intake the same amount of lead, the young child may absorb up to 50% of the 

lead, while the adult may only absorb 10- 15% ofthe ingested lead. 

Table 3. Comparison of daily lead intake and excretion in children and adults (WHO, 

1995). 

Parameter Children Adults 

Dietary intake (!Jg kg-1
) 10.76 3.63 

Fraction absorbed 0.55 0.15 

Dietary lead absorbed (~Lg kg-1
) 5.92 0.54 

Air lead absorbed (!Jg kg-1
) 0.20 0.21 

Total absorbed lead (!Jg kg-1
) 6.12 0.75 

Urinary lead excreted (f.lg kg-1
) 1.00 0.47 

Endogenous fecal lead (~Lg kg-') 1.56 0.24 

Total lead excreted (~Jg kg-') 2.56 0.71 

Excreted/absorbed 0.42 0.92 

Fraction of intake retained 0.33 0.01 

One of the primary paths of lead ingestion is hand-to-mouth behavior, and 

children are much more prone to this than adults. Small particles can adhere to a 

child's hands during regular play (Day et al., 1979). Furthermore, there is an inverse 
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relationship between soil particle size and the resulting amount of material adhering 

to the hands (Duggan et al., 1985). Once these particles adhere to the hands, they can 

be ingested and thus become bioavailable. Temperature, humidity, and soil moisture 

content may also play a role in whether particles will adhere to a child's hands. 

Children who recover from Pb poisoning have been shown to have short 

attention spans (Bellinger and Needleman, 1992), and evidence is building in support 

of lead's detrimental effects on IQ. In fact, Ph may affect development even after 

exposure ceases (Luthman et al., 1994). Both experimental and epidemiological 

studies show behavior deficits in Pb exposed children (Rice, 1996). Researchers such 

as Needleman and Gatsonis (1990), Bellinger and Needleman (1992), and Schwartz 

(1994a) have examined the causal effects of Pb and IQ by using statistical analysis 

(Figure 6). Though the link between lead and IQ impairment has been established, 

direct causation is more difficult to prove (Needleman and Gatsonis, 1990). 

In connection with the vulnerable child model, pregnant women are also listed 

in the high risk category, both for their own safety, as well as the safety of the fetus 

(Mahaffey, 1977). Between the mother and the fetus, transplacental transfer and 

subsequent buildup of lead can be a hazard because the placenta does not act as a 

barrier to filter the mother's blood lead concentrations (Barltrop, 1969; Rabinowitz et 

al., 1984; Choudhury et al., 1992; Needleman, 1992; Hamilton et al., 1994; WHO, 

1995). 
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III. MATERIALS & METHODS 

In this study, a simple two stage in vitro digestion procedure is used to mimic 

absorption of lead from the GI tract: Stage I, the stomach phase; and Stage II, the 

intestinal phase (Table 4). 

Table 4. Summary of in vitro experimental procedure. 

Step 
Stomach Phase: 

2 

3 

4 

5 

6 

Intestinal Phase: 

7 

8 

9 

Operation 

Weigh out 2.25 g of representative, dried & sieved(< 250 ~m) test sample. 

Add 250 mL stomach solution (Table 5) & weighed test sample to reaction vessel. 

Place vessel in heated water bath (37°C). 

Turn on argon gas over exposed surface. 

After 10 minutes, tum on stin-ing rod. 

Collect and filter(< 0.45 ~m) 5 mL samples with disposable syringe at 20, 40, & 

60 minutes after start of experiment; 

(replace removed volume with 5 mL stomach solution). 

Add two dialysis bags filled with 5 g NaHC03 and Dl H20 to reaction vessel. 

Collect 5 mL samples at 3 0, 60, and 120 minutes after start of intestinal phase. 

At pH 6.5 remove dialysis bags and add 0.4375 g porcine bile extract, 

and 0.125 g pancreatin directly to reaction vessel. 

10 Maintain pH of 7 for remainder of experiment. 

Total run time = 3 h 
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To the medical community, "in vitro" deals with taking an organ from an 

animal and testing it outside the body (see Hazell and Johnson, 1987; Diepenmaat

Wolters and Schreuder, 1993; Minihane et al., 1993 Wolters et al., 1993; Shen et al., 

1994). In the experimental procedure listed in this report, the physiology of the 

stomach and intestines are simulated with synthetic components. 

This in vitro procedure is modified from a method by Ruby et al. (1993), and 

is designed around the gastrointestinal tract of a 2 - 3 year old child. Ruby et al. 

(1993) originally adapted their design from an assay method for bioavailable Fe in 

food, by Miller et al. (1981). Following is a detailed description of the ten steps 

outlined in Table 4. Also following is a description of the three major components of 

the human digestive system: (1) the mouth, tlrroat, and esophagus; (2) the stomach; 

and (3) the intestines (Figure 3). 

3.1. Phase I- Stomach Phase 

Step 1 - soil sample 

A representative site sample should be chosen if only one sample is to be run; 

otherwise a larger array of samples should be run to provide a statistically meaningful 

in vitro bioavailability factor (BAF) for a particular site. Metal content by XRF (X

ray fluorescence; LEGS Standard Operating Procedure, 1993) of each pre-in vitro 

solid sample must be known to calculate the BAF after the experiment is done. 
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Weigh out a 2.25 ± 0.01 g split of dried and sieved (< 250 J.Lm , Nalgene sieve) 

sample. This size range was used in the corresponding EPA in vivo study to represent 

the size fraction that may adhere to a child's hands, clothes, toys, etc. This particle 

size(< 250 J.Lm) is also used in this in vitro experiment. In the future, the test particle 

size fraction may need to be raised or lowered (Duggan et al., 1985; Kissel et al., 

1996). For example, the> 150 J.Lm size fraction may adhere to hands when moisture 

content exceeds 10%; however if soil is dry, then < 65 !Jm seem to adhere the 

strongest (Kissel et al., 1996). Other factors may also play a role in evaluating the 

adhesion of a particular soil to the skin, such as relative humidity, soil temperature, 

organic matter, clay and mineral content, and single soil exposure vs. continuous 

exposure. An equation describing the "concentration enrichment" due to increased 

surface area of smaller particles might be applicable to some exposure situations 

(Sheppard, 1995). 

Step 2 - reaction vessel 

The "stomach" is a specially designed polypropylene cylinder (Figure 7). 

Each cylinder holds 250 mL of simulated gastric juice (Table 5) and 2.25 g of 

contaminated test sample. The stomach (Figure 8) acts as a reservoir to receive all the 

food at once, while delivering it to the intestine in intervals; though gastric emptying 

can occur rapidly depending on the physiological state of the ileum. 

In the reaction vessel, combine 2.25 g test sample and 250 mL stomach 

solution. This ratio of 2.25g: 250 mL has been arbitrarily chosen. Research has 

May be protected by Copyright Law (Title 1 TCJEs~cr.ruod:te~)------~~~~~~~~~~~~~~~~~~~~~~-llllllllllllllllllllllllllll!l!llla!llllil
 



Argon 

Dialysis 
tubing 

Motor 

Stirring rod 

2.25 g sample/ 
250mL 

stomach fluid 

Figure 7. Diagram of in vitro reaction flask. 

26 



27 
l 

Gall Bladder 

Duodenum 

Pancreas 

Small Intestine 

Large Intestine 

Figure 8. Diagram of human stomach and intestines. 



28 

shown that an average 2 - 3 year old child may ingest 80 - 200 mg soil day-1 (Day, 

1979). However, as little as 1 - 2 mg day-1 for 5 - 6 months could cause lead 

poisoning in a 1- 2 year old (Mahaffey, 1977). 

The average stomach can hold approximately 1 L of fluid; whereas the entire 

digestive tract can secrete and absorb up to 10 L of fluid per day. The in vitro 

"stomach" holds 0.25 L fluid. The synthetic stomach solution is prepared by adding 

pepsin and various stomach acids to 4 L of deionized water (Table 5). 

Table 5. Components of in vitro simulated stomach solution. 

(Note: all chemicals from Sigma Chemical Co., St. Louis, MO, unless otherwise noted). 

Amount 

5g 
2g 
2g 
1.68 mL 
2mL 
variable' 

• to bring to desired pH 

Compound 

pepsin A (from porcine stomach mucosa; EC 3.4.23.1) 

citric acid anhydrous (Fisher Sci, NJ; USP C6H80 7 ; FL-03-0791) 

DL -malic acid (DL- hydroxybutanedioic acid; C4H60 5; 617-48-1) 

DL -lactic acid (C3H60 3, synthetic: 85% (w/w) syrup approx.98%) 

acetic acid glacial (Amer. Sci. Prod., IL; CH3COOH; UN2789) 

hydrochloric Acid (trace metal grade) 

The human stomach secretes hydrochloric acid (HCl), by parietal cells in the 

gastric epithelial mucosa, and the enzymes: pepsin by chief cells, renin, and lipase 

which help digest carbohydrates, proteins and fats. The process of chemical digestion 

is mainly accomplished by the HCl and various enzymes. The larger, more complex 

molecules are gradually broken down to smaller components that can be absorbed and 

delivered to the body's cells for consumption. Other acids that have been 

incorporated into the in vitro stomach fluid are: malic acid, citric acid, lactic acid, and 
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acetic acid. Citric acid has been shown to increase the bioavailability of lead 

(Wolters et al., 1993). 

Hydrochloric acid is the most important acid in the stomach that acts to 

solubilize metals. The parietal cells produce an excess of hydrogen ions (H+) in the 

gastric juice, 106 times that in the plasma outside the stomach. This process is 

catalyzed by carbonic anhydrase, according to the reaction: 

C02 + H20 ~ H2C03 -H- HC03• + H+ 

As a result of this reaction, the bicarbonate anion (HC03·) diffuses into the plasma 

while H+ is actively "pumped" together with c1· into the stomach to produce 

hydrochloric acid. 

The average pH of the stomach can range from as low as 1 to as high as 6, 

depending on food content and physical health of the subject (Tovar et al., 1993). 

The pH of the stomach is an important parameter for bioavailability assessment. The 

usual pH of a fasting child is around 1 - 1.5; a higher pH, more typical of a stomach 

with food in it, is expected to lower the resulting bioavailability of ingested lead 

because the solubility of Pb decreases with increasing pH. The pH of the in vitro 

stomach solution is continuously monitored throughout the duration of the 

experiment; a few drops of HCl can be added if necessary to keep the pH down 

(especially for 11 Slag11 samples which tend to increase in pH when added to stomach 

solution). 
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Step 3- heat 

The solution is heated in a water bath (Figure 9) to 37°C (~98.6°F) before the 

sample amount is added. The reaction vessel remains in this heated environment for 

the entire run of the experiment. This parameter mimics that of normal internal body 

temperature. 

Step 4 - argon 

Turn on argon gas (or any inert gas) over the exposed surface of the reaction 

vessel to avoid any unnatural or excessive formation of oxidation complexes dming 

the experiment. 

Step 5 - stirring rod 

The time the sample stays in the mouth, throat, and esophagus (Figure 3) is 

equated to the 10 minutes before the stirring rod is turned on in the experiment. In 

the mouth, salivary glands secret a mucus that aids in mechanical digestion and 

dissolving of food. The throat and esophagus transport these contents into the 

stomach. 

The stirring rate of this particular in vitro experiment is 60 rpm (Anow 1750 

motor; Arrow Engineering Co., Inc., Hillside, N.J.). The stirring rate needs to be 

vigorous enough to keep particles in suspension, but not too vigorous as to 

overestimate the mechanical digestion process in the digestive tract. In mechanical 
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digestion, solid food mixes with various juices from the digestive glands to dissolve 

the food as much as possible before chemical digestion occurs. 

Step 6 - sampling events 

Collect and filter 5 mL samples at 20, 40, and 60 minutes after the start of 

experiment. Temporarily tum off the stirring rod to collect samples. Replace the 

volume of solution removed at each sampling with 5 mL of stomach solution to 

maintain a constant volume in the remaining experiment. Collect samples with 

disposable Sec sterile syringes (Becton Dickinson; Franklin Lakes, New Jersey), filter 

with disposable 0.45 1-lm cellulose acetate filters (Microfiltration Systems; Dublin, 

CA), and store in disposable 10 mL centrifuge tubes. The pipettes, filters, and storage 

tubes are used only once to minimize any contamination from recycled labware. 

Analyze samples for metals on an ICP-AES (Inductively Coupled Plasma- Argon 

Emission Spectrometer, ARL Model; Fisons; LEGS Standard Operating Procedure, 

1993). 

Gastric emptying time can vary from minutes to hours. In this in vitro 

experiment the stomach phase runs for 1 hour. Time is a crucial factor for metal 

solubility in transit (VanDokkum, 1989). Bioavailability of a metal depends in part 

on the species ( complexed or uncomplexed) formed in the GI tract (V anDokkum, 

1989). It has been suggested that galena (PbS) may form PbC12 in the presence of 

HCl in the stomach fluid (Healy et al., 1982). If this is the case, the bioavailability of 

PbC12 would dominate over PbS in the stomach system, however in vitro results 
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suggest this transformation does not occur (Medlin and Drexler, 1995). However, 

even if the metal species is capable of undergoing chemical alteration, it may not have 

enough time to be fully altered if the contents are emptied out quickly. 

3.2. Phase II - Intestinal Phase 

Step 7- NaHC03 -:filled dialysis bags 

After a 1 hour stomach phase, the "intestinal phase11 begins. Two lengths of 

dialysis tubing (non-recycled, wet in 0.1% sodium azide, cellulose ester molecular

porous membrane, 100,000 MWCO, 12 mm flat width, 7.5 mm diameter; 

Spectra/Par, Houston, TX) filled with 5 g sodium bicarbonate (ACS Reagent 144-55-

8, NaHC03; Sigma Chemical Co., St. Louis, MO) and deionized water (DI) are added 

to the heated reaction vessel. Direct addition ofNaHC03 to the solution could create 

"micro environments11 of high pH, resulting in the precipitation of metal compounds. 

This osmotic membrane also acts to simulate the gradual transfer of the sample from 

the small intestine to the bloodstream. Other in vitro techniques utilize actual 

intestinal organs to test for bioavailability; a possible drawback to using a natural 

intestine is that it is very thick, and transport is unaided by blood when the organ is 

removed from the body (Payne, 1989). 

As the contents from the stomach reach the intestines, digestion continues in 

an alkaline enviromnent (Figure 8). Lining the small intestine are absorptive cells 

forming a monocellular epithelium, covering the villi. Uptake in the intestine is 
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controlled in part by the enterocytes associated with the microvilli in the lumen 

(Mushak, 1991). In humans, the lumen of the small intestine has a gross cylindrical 

surface area of about 40 cm2
, but the actual surface area includes all the microscopic 

folds, and results in an enormous surface area of200-300 m2! 

In the small intestine, the dissolved contents from the stomach are subjected to 

further mechanical mixing with the intestinal juice and movements that propel them 

forward. The first section of the small intestine, the duodenum, is about 20 em long. 

It accepts the semi-digested contents from the stomach. The duodenum secretes the 

enzymes invertase and erepsin that are necessary for digestion. According to 

researchers, the primary area for Pb absorption is in the duodenum where Pb enters 

the epithelial mucosal cells (Conrad and Barton, 1978; Ragan, 1983). 

The intermediate section of the small intestine, the jejunum, measures about 

2m in length. The jejunum swiftly carries digested food through the small intestine, 

therefore it seldom has much food in it. The last, and longest segment of the small 

intestine, the ileum, is about 4 m long. The brush border (microvilli plus glycocalyx) 

contains digestive enzymes to cany out the final stages of digestion in the absorptive 

cell membrane. 

The large intestine, also known as the colon, accumulates waste products from 

digestion, dehydrates, and prepares them for excretion. The last function of the 

digestive system is to eliminate the unused waste materials without interfering with 

the processing of the incoming food. 

May be protected by Copyright Law (Title 17 US CO!orfie~-------------• 



35 

Step 8 - sampling events 

Obtain a 5 mL sample directly from the solution in the reaction vessel at 30 

minutes after start of intestinal phase. Filter, acidify (nitric acid, Optima I-IN0
3

; 

Fisher Scientific, Fairlawn, NJ), and analyze the sample for metals (ICP-AES). 

Replace the removed volume (5 mL) with deionized water to avoid any concentration 

error. 

Step 9 - bile and pancreatin 

Allow the pH of the reaction vessel fluid to reach 6.5 (approximately 30 

minutes, depending on initial pH of sample) before removing the dialysis bags. At 

the neutralization point, add 0.4375 g bile salts (bile extract - porcine, 8008-63-7; 

Sigma Chemical Co., St. Louis, MO) and 0.125 g pancreatin (from porcine pancreas, 

8049-47-6; Sigma Chemical Co., St. Louis, MO) directly to the reaction vessel. 

The fluid of the small intestine is generally a bicarbonate-rich medium that 

acts to neutralize the acidic contents delivered from the stomach. The intestine 

contains secretions from the glands of the small intestine and from other glands such 

as the pancreas (pancreatin) and the liver (bile). In terms of digestion, bile salt from 

the liver acts as a detergent to emulsify fat droplets so lipases can act on them. The 

gall bladder, liver, and pancreas deposit their enzymes and bile into the duodenum. 

Step 10 - Conclusion 

Maintain pH of approximately 7 for the remainder of the experiment. The pH 

should continue to rise approximately 0.5 pH points after the NaHC03-filled dialysis 
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bags have been removed from the solution. Take two final samples at 60 and 120 

minutes after the start of the intestinal phase. The total nm time of experiment is 3 

hours. 

QAIQC (quality assurance/quality control) consists of 10% of samples run as 

duplicate or spike through the in vitro experiment, as well as a spike, duplicate, blank, 

and standard every 10% of samples analyzed on the ICP-AES. 

3.3. Calculation of Bioavailability Factor (BAF) 

The amount of Pb2
+ found in solution from sampling the stomach phase is 

used to calculate the percent bioavailability (% BAF) of lead. Typically, it is the 

small intestine that absorbs lead across the human Gl tract; however some fraction of 

this Pb2
+ is likely to be excreted via the bile duct before entering the systemic 

circulation (Figure 2). 

The following equation is used to calculate the bioavailability factor(% BAF): 

o/oBAF = {(L)( M.,k's)( M,) [. wo 

I ~1000 I 
L = volume of stomach solution: 0.25 L (constant) 

(density of stomach solution is 1); 

Maq= amount ofPb 2+ in stomach solution samples [mg kg-1
]; 

(measured by ICP-AES) 

S = weight of initial soil sample: 2.25 g (constant); 

Ms = amount of metal in initial bulk soil sample [mg kg-1
]; 

(measured by XRF). 
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The % BAF is not a measure of the absolute bioavailability of lead in a 

system; it is a measure of relative bioavailability. However, this relative% BAF can 

be used to calculate the absolute bioavailability of a metal phase in any biological 

system. The% BAF calculated directly from the in vitro experiment can be thought 

of as 100% lead absorption. The absolute bioavailability for a particular human 

system will always be less than this 100% absorption. For instance, adults are 

thought to absorb 5 - 15% of the lead ingested; to calculate the absolute BAF from a 

lead-dosed sample, the "relative BAP' is multiplied by a factor of 0.05 to 0.15. For a 

5-year-old child, the relative BAF is multiplied by 25% ; and for an infant the 

multiplying factor is 50% (Casteel et al., 1996; Mushak, 1996). These coefficients 

represent the expected absorption amounts of lead from the gastrointestinal tract 

(default values for lead absorption in the EPA's blood Pb estimation model, IEUBK, 

are: 50% for dissolved Pb, and 30% for Pb in soil) (Casteel et al., 1996). In general, 

infants may absorb 5 times more lead than adults, and 2.5 times more than older 

children. 

3.4. Individual In Vitro Tasks 

Task 1. Reproducibility of the In Vitro Method 

To test the reproducibility of the in vitro method, a NIST standard, MS 2710, 

was run through the stomach phase six separate times. This sample, "Montana Soil 
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2710" (Trahey, 1995), is a very fine-grained, homogenous soil with 5532 mg kg -1 Pb 

± 80 mg kg -I; and 626 mg kg -1 As ± 38 mg kg -I. In addition to testing 

reproducibility, the uncertainty of the in vitro method was examined by calculating : 

(1) the average relative percent difference [RPD = (a-x)/((a+x)/2)] of duplicate pairs 

(n = 98 pairs); (2) the average relative percent difference of spiked (spike : 20 mg 

kg -1 Pb) sample pairs (n = 113 pairs); and (3) the average relative percent difference 

of 79 "post" in vitro samples analyzed on the ICP-AES. 

Task 2. Calibration of_Jn Vitro to In Vivo 

Calibration of the in vitro model was done by comparing "relative 

bioavailability in vitro results" to the ''relative bioavailability in vivo results" for the 

same soil samples (though in vivo results are still preliminary). Comparison was done 

by simple linear regression between the two data sets. 

In this case, the swine was chosen as the acceptable animal (in vivo) model. 

Relative percent bioavailability of lead and arsenic samples from the in vivo study 

was calculated by modeling both the "dose-response" or "dose vs. blood lead" 

concentration curves for soluble lead, and the "biological response" in a dosed soil

lead sample. A comparison between the reference (lead acetate) and the test material 

(dosed soil-lead sample) is made in order to find the ratio of doses that produce equal 

biological responses (not the ratio of responses at equal doses; Figure 1 0) -this is 

then used to calculate the relative percent bioavailability of a sample (Casteel et al., 

1996). 
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Samples from NPL/Superfund sites with high concentrations of heavy metals 

were chosen by the EPA to dose swine with Pb and As in an elaborate bioavailability 

study (Table 6) (Weis et al., 1995 for swine study design). 

Table 6. List of draft samples from EPA swine feeding studies; used for calibration 

of in vitro procedure. (Note: Most predominant Pb or As mineral is listed flrst in each phase 

category). 

Site location Name/Type Primary Pb phase Primary As phase 

Bingham Creek, UT hi Pb soil PbS04/ Pb-P/ Pb-Fe-S As-Fe-S 

Bingham Creek, UT low Pb soil Pb-P/ Pb-Fe-S/ Pb-Mn-0 As-Fe-S/0 

Jasper County, MO hi Pb smelter PbC03/ native Pb/ Pb-P N/A 

Jasper County, MO low Pb yard PbC03 
N/A 

Jasper County, MO hi Pb mill PbC03 
N/A 

Murray Smelter, UT slag Pb-As-0/ PbO slag 

Murray Smelter, UT soil Pb-As-0/ PbO Pb-As-0 

Aspen, CO residential soil PbC03 
N/A 

Midvale, UT slag Pb-As-0 slag 

Leadville, CO California Gulch Pb-Fe-Mn-0 N/A 

Leadville, CO Arkansas Valley slag Pb-As-0 slag 

none Pb soil + NIST paint PbO N/A 

none Pb soil + galena PbS N/A 

Palmerton, NJ location 2, soil Pb-Mn-0 N/A 

Palmerton, NJ location 4, soil Pb-Mn-0 N/A 

lillY to Primary Pb & As phases: 

PbS04 : anglesite 

Pb-As-0 : lead, arsenic,_1 oxide 

PbO : lead oxide 

Pb-Mn-0 : lead-bearing Mn oxide 

As-Fe-S : arsenic-bearing iron sulfate 

PbC03 : cerussite 
Pb-P : lead-bearing phosphate 

Pb-Fe-S : lead-bearing iron suI fate 
PbS: galena 
Pb-Fe-Mn-0: Ph-bearing Fe & Mn oxides As-Fe-0 : arsenic-bearing iron oxide 

Another sample used to calibrate the in vitro technique was from a human study 

conducted by Columbia University, New York, which consisted of a sample from 

Bunker Hill, Idaho (lead barite and Pb-Fe-sulfate-rich soil; sample names: Columbia 

18 and Columbia 33). All samples used in the calibration ofthe in vitro method were 

run in triplicate. 
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Task 3. Dependence on Mineral Phase 

Different inorganic Pb mineral phases were studied to assess whether the 

chemical form of lead had an impact on in vitro bioavailability. The lead samples 

used for this were: cerussite (PbC03); anglesite (PbS04); galena (PbS); pyromorphite 

(Pb5(P04) 3X, where X= Cl, F, Br, or OH); lead oxide (PbO); slag; and Pb-bearing Fe 

and Mn oxides from natural cave deposits (Argo Mine, Serendipity, Cave of the 

Winds, Upper Pictograph, Hubbard, Groaning, Bida, Iron Geyser). 

All samples, except for the Pb-bearing Fe and Mn oxides, were prepared by 

weighing a known amount of the lead sample ( < 250 f.Lm) and combining it with a 

known amount of washed silica sand. This process was used to keep the sample Pb 

content reasonably low(~ 5000 mg kg -1) while still retaining the necessary 2.25 g dry 

weight needed for the in vitro procedure. For the Pb-bearing Fe and Mn oxides, the 

entire 2.25 g of sample was made up of the naturally occmTing cave sediments 

(sieved to < 250 ~-tm). 

Task 4. Influence of pH on Bioavailability 

The effects of stomach pH on the bioavailability of lead were studied by in 

vitro. An additional study was carried out in HCl/deionized water only (no other 

stomach acids were added) to compare with in vitro results. The pH values studied 

were: 1.3 and 3.0 (only in HCl), and the sample types were: synthetic PbC03; 

cerussite; synthetic PbS04; anglesite; native Pb; wulfenite (PbMo04); synthetic lead 

oxide; galena; and pyromorphite. In addition to those minerals that were studied for 
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dissolution in HCl only, four samples were run at varying pH's with the in vitro 

method (all the stomach acids added). These four samples were: galena, lead oxide, 

pyromorphite, and NIST MS 2710; the pH values compared by in vitro were 1.5 and 

2.5. Samples were prepared by adding a known amount of Pb mineral to a known 

amount of washed silica sand. 

Task 5. Fluid-to-Solid Ratio. 

The homogeneous NIST standard MS 2710 was tested for its lead and arsenic 

bioavailability response to a change in the ratio of soil sample size to stomach 

solution volume. The solution amount was kept constant (250 mL), while the soil 

amount varied : 0.5 g, 1.0 g, 1.5 g, 2.0 g, and 2.25 g. A pH of 1.5 was also kept 

constant in all tests. 

Task 6. Particle Size Effects on Bioavailability 

The effects of particle size were studied with 6 samples: anglesite, cerussite, 

galena, lead oxide, pyromorphite, and slag (a byproduct of the smelting process). 

Four particle size ranges were separated out of each sample type by wet sieving the 

entire sample through a series of stacked sieves: < 250 - l25f.!m; < 125 - 63 ~tm; 

< 63 - 38 1-lm; and< 38 f.!m. After wet sieving, samples were then oven dried(~ 90° 

C) and weighed. Final test samples were prepared by adding a precise amount of Pb 

mineral(± O.OOlg) to a known amount of washed silica sand. 
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Task 7. HC! vs. Stomach Solution 

Three samples were chosen to study the precise difference between the in vitro 

stomach solution (with its many acids), and a solution ofHCl /deionized water. Each 

set of samples was run through the in vitro experiment for the same amount of time, 

and same pH, but different solution components. The solutions were compared by the 

absolute difference in their% bioavailability. These samples were MS 2710 (NIST), 

cerussite, and anglesite. Both the cerussite and the anglesite samples were prepared 

by adding a known amount of the Pb mineral to a known amount of washed silica 

sand. 

Task 8. Intestinal Phase 

Most of the samples presented in this thesis were run through the stomach 

phase only. However, a few samples were also run through the intestinal phase. 

Preliminary results are presented here. Samples run through the entire 3 hour 

experiment (stomach and intestine) were: MS 2710 (NIST) and lead oxide. 

Task 9. Effects of Food on Bioavailability 

The effect of food presence in the stomach on the bioavailability of lead was 

studied by in vitro method with three samples: lead oxide, pyromorphite, and galena. 

Preliminary data on a few foods (milk, banana, rice cereal, and oatmeal) are 

presented. The food was measured and added to the stomach solution to equal 250 

rn.L. Three different ratios of food : stomach solution amounts were tested (1 0, 20, 

and 40 mL food added to total 250 mL). The pH of the samples was not adjusted 
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after the start of the experiment. The Pb test samples were prepared by adding a 

known amount of the Pb mineral (particle size : < 250 f.Lm - 125 f.Lm) to a known 

amount of washed silica sand. 
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IV. RESULTS 

4.1. Reproducibility of In Vitro Method 

The overall reproducibility of the in vitro method was examined for Pb from 

four different aspects: (1) sample duplicates; (2) sample spikes; (3) NIST standard: 

Montana Soil2710; and (4) instrument (ICP-AES) QA/QC. 

Of the 98 duplicate sample pairs examined (Figure 11) the average relative 

percent difference was 12.2%. The average relative percent difference of the spiked 

sample pairs (Figure 12) was even lower than the duplicates', with an average RPD of 

6.1 %. Both the duplicate and the spiked in vitro runs are within acceptable enor for 

standardized testing. 

The NIST MS 2710 (Figures 13 & 14) showed a standard deviation of only 

1.5% for Pb, and 6.2% for As. This test standard (MS 2710) showed the procedure to 

be more accurate for Pb than As. The percent error for both elements (Pb and As) is 

well below the usual EPA recommended reproducibility limits. 

The QA/QC of the ICP-AES produced an average relative percent difference 

of 6.0% (Figure 15). All four of these areas used to examine the reproducibility of the 
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Figure 13. Precision of in vitro method. 
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in vitro method fall within the acceptable range for good reproducible results. A 

conservative estimate of the expected percent bioavailability for a well-homogenized 

sample should remain within a ± 10% margin of error when tested by the in vitro 

method. 

4.2. Calibration of In Vitro to In Vivo 

The most important aspect of this study was to establish a correlation between 

the BAF numbers from the EPA in vivo swine study, and the subsequent in vitro BAF 

numbers. To compare the in vivo to the in vitro, the same samples were used in both 

experiments (Table 7, and Appendix I). 

Table 7. Results from in vitro and in vivo studies for Pb and As bioavailability 

Site location Name/Type in vitro Pb in vivo Pb* in vitro As in vivo As* 

Bingham Creek, Utah hi Pb soil 37 30 17 33 

Bingham Creek, Utah low Pb soil 47 32 38 n/a 

Jasper County, Missouri hi Ph smelter 65 56 59 n/a 

Jasper County, Missouri low Pb yard 73 78 0 n/a 

Jasper County, Missouri hi Pb mill 80 82 0 n/a 

Murray Smelter, Utah slag 66 55 60 56 

Murray Smelter, Utah soil 63 67 47 34 

Aspen, Colorado residential soil 76 58 N/A N/A 

Midvale, Utah slag 14 20 18 24 

Leadville, Co lorado Cal. Gulch 83 87 N/A 40 

Leadville, Colorado Ark. Valley 12 20 20 21 

none Pb soil + paint 67 82 N/A N/A 

none Pb soil+ PbS 1.6 N/A N/A 

Palmerton, New Jersey location 2 soil 54 72 16 16 

Palmerton, New Jersey location 4 soil 56 58 32 32 

Columbia 18 and 33 75 (RBA) 30 (ABA) N/A N/A 

*Values are draft and subject to change with final evaluation by EPA. 
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The two BAF components, when plotted on a Cartesian graph, give a curve that 

shows a direct relation between the two types of experiments (in vivo and in vitro). 

With the examination of EPA sample materials, the preliminary in vivo results were 

plotted against the in vitro results for both Pb and As using a simple linear regression 

model (Figures 16, 17 & 18). The resulting curves were surprisingly linear; a 

multiplier coefficient was expected to align the in vitro BAF to the in vivo BAF, but 

results showed they can be almost directly related on a one-to-one basis. 

In the case of comparing the in vivo blood-lead bioavailability numbers with 

the in vitro bioavailability (Pb) numbers (Figure 16): m = 0.89, b = 5.5, and r2 = 0.85 

(and for comparing the "EPA suggested point estimate" (see Casteel et al., p.27, 

1996) to the in vitro (Figure 17), m = 0.87, r2 = 0.85). The slope, being very close to 

1 is a good indicator of a direct correlation. The r2 being close to 1 is a good indicator 

of a close fit regression line. Likewise, comparing preliminary in vivo urinary-arsenic 

bioavailability numbers with the in vitro bioavailability (As) numbers (Figure 18): 

m = 1.5, b = -12, and r2 = 0.86; arsenic in vitro bioavailability values are still 

preliminary however. The sample size for As was much smaller than the Pb sample 

size (As : n = 6; Pb : n = 15); more data points are needed to assess the predictability 

of the in vitro test for arsenic. The r2 numbers best represent how close the two 

techniques are in mirroring one another; with respect to Pb, the in vitro teclmique is 

about 85% successful at predicting Pb bioavailability. In the case of As, the in vitro 

procedure is about 86% successful. 
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Figure 16. EPA swine blood lead vs. in vitro relative bioavailability. 
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against in vitro data for the same soil samples. 
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4.3. Dependence on Mineral Phase 

The solid mineral phase can play an important role in controlling the 

bioavailability of lead. In vitro bioavailability results (Figure 19) span the entire 

range, from 0% bioavailable to 100% bioavailable. According to the bioavailabilities 

predicted by the in vitro teclmique, lead phases with a relatively low bioavailability 

(< 50%) are: galena (Ksp PbS = 3.4 x 10-28 
; Mushak, 1991), pyromorphite (Ksp 

PbsCl(P04)3 = 4 X 10"85
; Nriagu, 1973), and anglesite (Ksp PbS04 = 1.82 X 10"8 ; Lide, 

1994). Also on the low end of the scale are lead-bearing Fe and Mn minerals, as well 

as lead-phosphates. However, the Ph-phosphates found in soil (i.e. Bingham sample) 

showed a much higher in vitro bioavailability than the pure crystalline form, 

pyromorphite. Lead phases with a relatively high bioavailability (2::: 50%) are: 

cerussite, and lead oxide, which are typically found in paints. 

Slags can have either high or low bioavailability depending on the physical 

form of the small particles of Ph and As oxide included in the vitrified glass solid. A 

typical slag is a vitrified glass byproduct formed by the smelting process. Slags are 

chemically comprised of 33% of each: Fe20 3, CaO, and Si02, with trace Ph and As 

throughout. Slags may differ from one another by the degree of high lead particles 

that are partially or entirely free ("liberated") from the surrounding glass solid 

(Drexler, 1995). Some slags may have many free [Ph x As x-J 0] pru.ticles that can be 

released when the glass matrix particle size is reduced, either by physical processes or 

by the acidic conditions in the stomach. This reduction in particle size can expose the 
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Pb and As particles to the stomach acid and potentially increase the bioavailability of 

Pb and As in a sample (e.g. Murray slag: 70% BAF, Figure 19). Other slags may 

have lead-arsenic particles that are encapsulated and protected from the acid of the 

stomach during digestion, thus resulting in a lower bioavailability (e.g. Arkansas 

Valley/Leadville slag: 10% BAF; and Midvale slag: 15% BAF; Figure 19). These 

slags are a good example of the fact that the physical form of the lead species may 

affect its bioavailability (Medlin and Drexler, 1995). 

4.4. Influence of pH of Bioavailability 

Changes in pH occur as material is passed along the gastrointestinal tract. As 

mentioned earlier, the pH of the fluid within a fasting child's stomach is typically 

around 1 - 1.5. In general, the solubility of heavy metal ions increases significantly 

when the pH is lowered below 5. Specifically, the change in Pb bioavailability was 

examined over a pH range of : 1.3 - 3.0 (Table 8). Results show the expected 

decrease in bioavailability with increase in pH. However, the small range of pH used 

and lack of data allows little insight into the sensitivity of the method for pH. Further 

tests with a wider range of pH (e. g. tested every 0. 5 pH unit from 1 - 6) and more data 

points per sample is recommended. 

The percent change in BAF was measured by comparing the change in 

bioavailability from the lower pH stomach to the higher pH stomach; any negative 

percent change would represent a lower bioavailability in the higher pH stomach. Of 
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the 9 different samples examined, all 9 were tested in a HCl/DI solution (Table 8, 

Experiment 2), and 4 were tested by the in vitro stomach solution as well (Table 8, 

Experiment 1). All samples were compared at two different pH's: low= 1.3 - 1.5, 

and high= 2.5- 3.0. The dissolution of the Pb minerals in HCl/DI generally resulted 

in a lower BAF than expected with the in vitro experiment; the reason for this trend 

can possibly be explained be the absence of stirring in the HCl/DI experiment 

(samples in a 100 mL bottle, slowly agitated in a heated water bath). 

Table 8. Effects of varying stomach pH on the bioavailability oflead. 

Each sample run at two different pH's. (Experiment 1 = in vitro; Experiment 2 = HCI dissolution only). 

Sample: PbS PbS NIST MS 2710 

Experiment#: 1 2 I 2 I 

pH: 1.5 2.5 1.3 3.0 1.5 2.5 1.3 3.0 1.5 2.8 

BAF: 0.1 0.2 0.1 0.2 1.4 0.5 1.6 0.0 67.3 60.3 

% change in BAF 

(from low pH to high pH): +100% +100% -64% -100% -10% 

Sample: PbS04 synthetic PbS04 Pb" 

Experiment#: 2 2 2 2 

pH: 1.3 3.0 1.3 3.0 1.3 3.0 1.3 3.0 

BAF: 0.6 0.5 0.8 0.6 0.3 0.5 0.3 0.1 

% change in BAF 

(trom low pH to high pH): -17% -25% +67% -67% 

Sample: PbO PbO synthetic PbC03 

Experiment#: l 2 2 2 

pH: 1.5 2.5 1.3 3.0 1.3 3.0 1.3 3.0 

BAF: 94.1 62.4 15.0 3.4 0.2 0.0 12.0 4.5 

% change in BAF 

(from low pH to high pH): -34% -77% -100% -63% 

If the BAF's of the two different experiments ("HCl only" vs. in vitro) are 

compared on a relative sense only, the dissolution factors show the same trend in both 

experiments. Three of the samples were compared with both methods: PbS, 

Pb5(P04) 3X, and PbO. Galena showed an increase in BAF from lower pH (1.3 or 
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1.5) to higher pH (2.5 or 3.0). Native Pb was another sample to show the unexpected 

positive trend in BAF % change. All remaining 7 samples showed the expected 

decrease in BAF when comparing the lower pH to the higher pH. This supports the 

theory that a more acidic stomach will result in a higher bioavailability of a lead 

sample. 

4.5. Fluid-to-Solid Ratio 

In vivo studies show a correlation between sample amount ingested and 

subsequent lead bioavailability (Barltrop and Meek, 197 5; Conrad and Barton, 197 8; 

Aungst et al., 1981; Dieter eta!., 1993; Cohen et al., 1994; Schoof et al., 1995; 

WHO, 1995). As the concentration of the dose increases, the body may exhibit a 

saturation response. Whether or not this saturation process is occurring with the 

uptake of Pb by the human system is very important in setting limits of acceptable 

environmental Pb exposure. 

With the in vitro experiment, a response to changes in the fluid-to-solid ratio 

was tested for both Pb and As. Results showed an increase in bioavailability with an 

increase in fluid amount for the case of Pb (Figure 20). The same sample (NIST MS 

2710) was run through the in vitro experiment at varying ratios of sample size : 

solution amount. As the ratio increased, the Pb concentration also increased. With an 

increase in Pb concentration, the bioavailability ultimately decreased about 11%. 

Arsenic however, exhibited the opposite response. As the concentration of arsenic in 

May be protected by Copyright Law (Title 17 us-r.roinA'er-----............................. ___ !!!!!!1 



~ e... 
.€ 
...-< ...... 
.g 
:a 
~ 
0 ..... 
.0 

Cl 
b ·;;: 
.:; 
"' < 
l-< 
0 

If 

100 

80-

60 

40-

20 

0.5 1.5 

sample size [g]/250 mL solution 

2 

FPbl 
L~ 

61 

Figure 20. General trendline for changes in fluid:solid ratio. 

Sample: NIST MS2710. 
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the same sample decreased,. the bioavailability decreased a total of 71% (though 

results may overestimate As BAF due to Asaq values measured close to ICP-AES 

detection limit). 

4.6. Particle Size Effects on Bioavailability 

Dissolution of lead was examined as a function of sample particle size. When 

a Ph-solid is ingested by humans, it tmdergoes a reduction in particle size as atoms of 

Pb2+ are progressively released from the solid Ph-particle by ion exchange with H+. 

Dissolution reactions in acid involve the binding of protons to the surface ions, 

weakening the critical bonds and detaching the metal into solution (Stumm and 

Morgan, 1981). As surface area becomes greater, there are more sites exposed to the 

surface; a greater number of sites translates to more rapid Pb release. According to 

the (modified) Noyes-Whitney dissolution rate law (Healy, 1984): 

where: 

~~ = k:hs (C.,- C) 

C = concentration of dissociating metal in solution 

k =proportionality constant 

D = diffusion coefficient 

S = surface area 

V = solution volume 

h = diffusion layer thickness around a particle 

Cs = equilibrium solubility 

an increase in surface area will lead to an increase in dissolution rate. 
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In vitro results (Figure 21) verified this relation between particle size and 

bioavailability/dissolution rates. The smaller particle size sample (larger surface area) 

generally corresponded to both an increase in absolute bioavailability of lead, and an 

increase in dissolution rates. Among the six lead phases studied, an average of a 

5-fold increase in absolute bioavailability occurred when comparing the < 38 Jim 

particle size to the 250 Jim - 150 Jim size range. The "less soluble" lead phases: 

anglesite, pyromorphite, and galena showed a stronger particle-size dependence than 

the more soluble phases. Anglesite exhibited a 13-fold increase in bioavailability 

with decreasing particle size; this was the largest increase of the 6 minerals tested. 

Pyromorphite showed a 6-fold increase; and galena showed a 4-fold increase. 

Along with a stronger dependence on particle size, the "less soluble" lead 

phases (anglesite, pyromorphite, and galena) also exhibited a higher rate of 

dissolution that continued to rise even after the 1 hour stomach phase of the 

experiment, than did the more soluble lead phases (slag, cerussite, and lead oxide). 

The dissolution of the more soluble lead phases often reached an equilibrium within 

the first 20 minutes of the stomach phase of the experiment (Figure 21). 

The more soluble minerals showed a weaker bioavailability dependence on 

particle size; cerussite (Ksp PbC03 = 1.46 x 10"14
; Lide, 1994), and lead oxide showed 

a 3-fold and 2-fold increase in bioavailability with decreasing particle size, 

respectively. This weak dependence on particle size may indicate that a lead phase 

with an exceptionally high bioavailability in the stomach acid will retain a high 

bioavailability no matter what the particle size of the sample. For instance, lead oxide 
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will have a BAF of 90 - 1 00% if all sample characteristics are kept constant while the 

particle size is varied. 

Small particle size can be a characteristic of either the original sample itself or 

the chemical reactions occurring in the low stomach pH. In both cases however, it is 

evident that ingestion of finer particles of Ph-bearing media is potentially more 

hazardous than ingestion of larger particles. Further in vitro research is recommended 

to be done on the particle size range between <63 j.Lffi and > 3 8 j.lill, especially for 

pyromorphite, anglesite, and galena, which showed a gap in the results between that 

particle size range. 

4.7. HCI vs. Stomach Solution 

Lead and arsenic samples tested at a pH of 1.5, showed little difference 

between dissolution in stomach solution and dissolution in a HCl/deionized solution 

(Figures 22, 23 & 24). Anglesite showed a 13% decrease in Pb BAF for the HCI 

solution compared to the in vitro solution. Cerussite showed a 2% decrease in Pb 

BAF when comparing the stomach solution to the HCl solution. NIST MS 2710 also 

showed little difference between the two solutions for both Pb and As dissolution; the 

in vitro solution was 4% less bioavailable for Pb, and 6% less bioavailable than the 

HCl solution for As. When the higher stomach pH was tested however, the difference 

in Pb and As bioavailability was greater. For NIST MS 2710 in a solution of pH 2.8, 
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the difference between the in vitro stomach solution and the HCl/deionized water 

solution was 42% less for Pb in HCl, and 84% less for As in HCL Further research 

on samples at this higher pH is recommended to compare the potential differences 

between the stomach solution and the "HCl only" solution. 

4.8. Intestinal Phase 

Two Pb samples were run through the entire in vitro procedure: PbO, and MS 

2710. The stomach phase was run at pH 1.5 for 1 h, and then the intestinal phase was 

continued for another 2.5 h at a pH of 7. Results showed the same general trend for 

both samples (Figure 25). For both PbO and MS 2710 the initial 20 minutes of the 

experiment resulted in the fastest overall rate of dissolution. After these 20 minutes, 

both samples' rates tended to plateau for the remainder of the 1 h stomach phase. The 

absolute rate increased again at the onset of the intestinal phase and continued at a 

moderate pace for the first 30 minutes of this phase. This 30 minute interval 

coincides with a gradual increase in gastrointestinal pH from the acidic conditions of 

the stomach (pH 1.5) to the neutral conditions of the intestine (pH 7). Once the 

neutral point was reached, the rates plateaued for the remainder of the intestinal 

phase. The lead oxide phase declined from 1 00% bioavailable in the stomach, to 67% 

bioavailable in the intestine; this corresponds to a 3 3% decrease in BAF. NIST MS 

2710 declined from 74% bioavailable in the stomach, to 56% bioavailable in the 

intestine; corresponding to a 24% decrease in BAF for Pb only. Both samples 
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showed an average decrease of approximately 30% in Pb bioavailability from the 

initial acidic stomach phase through to the final (neutral) intestinal phase. 

4.9. Effects of Food on Bioavailability 

The addition of 10 mL of vitamin D-fortified milk to lead oxide did not 

significantly alter the expected bioavailability of PbO; it remained at the ~95% 

bioavailability mark (Figure 26). However, doubling this amount of milk (20 mL), 

decreased the BAF to 58% bioavailable which is much lower than the expected 

bioavailability of PbO. Doubling this amount once more (40 mL of milk) 

substantially decreased the bioavailability of PbO to 17%. The overall decrease from 

10 mL addition to 40 mL addition resulted in an 82% reduction in the bioavailability 

of lead oxide. This reduction in bioavailability was not caused by dilution because 

the sample 250 mL volume was kept constant; however it may have been a result of 

an increase in solution pH associated with addition of milk since the solution pH was 

not kept constant (and did rise about 1.0 pH point at the maximum milk addition of 

40mL). 

The results from food addition to the reaction vessel were inconclusive; no 

definite trends are seen in the data presented here (Figure 27). Further refinement of 

the in vitro method with solid foods involved is required to examine the effects on 

bioavailability from food presence in the stomach. 
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V. DISCUSSION 

5.1. Calibration 

The relative percent difference of spiked samples and duplicates each 

demonstrate the reproducibility of the in vitro method for predicting bioavailability. 

A conservative default value for error bars on the percent bioavailability of any in 

vitro sample (using this proposed method) would be ± 10%, though many samples 

may fall closer to the ± 5% error range. The default uncertainty range must take into 

account various categories of potential error throughout the stages of the experiment. 

Examples of such potential error are: flaws in sample homogenization, dry sample 

weighing error, inaccurate total bulk metal value (XRF), stomach solution pH 

inconsistencies, pH probe inaccuracies, stomach solution preparation inconsistencies, 

fluctuations in rate of stirring, aqueous sampling contamination (removing or 

replacing volumes), reaction vessel or stirring rod surface contamination, final 

aqueous metal determination (ICP-AES), and individual user inconsistencies. 

May be protected by Copyright Law (Title 17 US rc::no~d~e)r-------------..ii~ 



75 

In addition to the good reproducibility of the in vitro method, the calibration 

of the method also proved to be successful, especially for the case of lead. With the 

use of draft EPA bioavailability values from an extensive swine-dosing study, the 

much less expensive and more controllable laboratory in vitro method was calibrated. 

A simple Cartesian plot of the EPA bioavailability value vs. the in vitro 

bioavailability value showed an almost one-to-one correlation between the two sets of 

data as shown by the r values: 0.85 for Pb, and 0.86 for As. In the future, as more 

contaminated test samples are fed to the swine, more samples can be added to the 

regression line for the calibration of the in vitro method. Eventually this laboratory 

model may provide a more efficient and cost-effective means of estimating 

bioavailability than in vivo studies for predicting the bioavailability of soil lead in 

humans. 

5.2. Sample Properties 

The influence of mineral phase is one of the dominant sample characteristics 

that may affect subsequent bioavailability in humans. Bioavailability of a lead 

mineral in the gastrointestinal tract is controlled by several mineralogical conditions: 

solubility of the particular Pb-bearing phase in the stomach; encapsulation in an 

insoluble matrix; rinding of Pb grain by co-precipitation or alteration reactions during 

weathering; other surface effects such as adsorption and ion-exchange; interactions 

with organic phases; and dissolution kinetics of Pb bearing minerals (Bowie and 
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Thornton, 1985; Ruby et a!., 1996). Due to the possible variations in lead 

contaminated samples, one overall bioavailability value cannot be chosen to represent 

lead in all solid phases. 

A compilation of bioavailability numbers from 13 mining communities 

showed galena to have a low bioavailability (Danse et al., 1995). Similarly, 

numerous duplicate samples of galena run through this in vitro experiment confitm 

this finding (Medlin and Drexler, 1995). Healy et al., (1982) suggest that galena is 

altered to PbC12 by reacting with the HCl in of the stomach. Lead chloride is much 

more soluble and thus a more readily available form of Pb, as can be noted by the 

solubility product constant for each Pb mineral (Mushak, 1991): 

K PbS = 3 4 X 10-28. K PbCl2 ,<::1 10-4 
sp · ' sp 

However, by microprobe examination of a post-in vitro galena (Drexler, personal 

comm., 1996), no alteration of galena particles was found in the sample. This 

hypothesis by Healy et a!. (1982) therefore is not supported by in vitro (nor in vivo) 

findings. 

Another lead mineral form, pyromorphite, found to contaminate the town of 

Derbyshire, England, did not show corresponding high PbB values in the people even 

though soil Pb levels were extremely elevated (Cotter-Howells and Thornton, 1991). 

Mineral bulk lead values may be very high among soils, and still the resulting PbB 

may be low. However, PbB cannot be used as a sole indicator of the bioavailability 

of lead; it may be the case that the exposure pathway between Pb and the people of 

the Derbyshire town has been blocked off, and the pyromorphite in the soil is of a 
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bioavailable form - it just does not have an open route to the people. On the other 

hand, if the soil was comprised of 10% galena instead of pyromorphite, it could still 

have a very low bioavailability even though the soil contained 100,000 mg kg -t lead 

because galena is not a bioavailable lead mineral. If the soil was 1 0% lead oxide 

however, even though the bulk lead concentrations would be almost the same as in 

the soil with 10% galena, the lead oxide form of lead is extremely bioavailable and 

the PbB could reflect this. 

In vitro studies of pure pyromorphite also showed a very low Pb 

bioavailability; but soils high in lead phosphates (e.g., Bingham soil, Table 6) were 

approximately 50% bioavailable by in vitro teclmique. The solubility product of 

pyromorphite (Ksp = 10 -&
4.4) indicates that the mineral is very insoluble. The 

difference between the in vitro bioavailability of these two forms of lead phosphate 

(crystalline and naturally occurring soil) is still an unanswered problem. 

Besides galena and pyromorphite, other lead phases were tested in vitro. 

Cerussite and lead oxide both exhibited a relatively high bioavailability: 85 - 100% 

and 95 - 100% respectively. According to in vivo results, cerussite also produced a 

higher bioavailability than lead chromate when rats were dosed with lead paint (Clapp 

et al., 1991). In another rat study, cerussite was absorbed 164%, and native lead was 

only 14% absorbed (Barltrop and Meek, 1979). 

Anglesite, another mineral examined in this study, exhibited a relatively low 

in vitro BAF: 15- 25%. Even less bioavailable than anglesite were galena (BAF: 0-

1 %) and pyromorphite (BAF: 1 - 5%). Lead-bearing iron and manganese oxides and 
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hydroxides (cave sediments) also resulted in a relatively low bioavailability: 0 - 1% 

and 16- 18%, respectively. 

In addition to studying the effects of mineral phase on bioavailability, the 

effect of sample particle size was also extensively studied by in vitro; results verified 

the theory that an increase in surface area will correspond to an increase in 

bioavailability. The question of whether or not a decrease in particle size will alter 

the bioavailability of a lead mineral is important because it is the small particles that 

tend to adhere to a child's hands (Duggan et al., 1985). Common lead sources in the 

environment including paint, smelter emissions, wind-blown tailings, and mine 

wastes used as fill material, all have a common characteristic: their particle size is 

typically small. 

The concentration of lead in dust is often greater than the concentration found 

in soils, partially due to the association of Pb with the clay-sized particles present in 

dust (Spittler and Feder, 1979; VanBorm et al., 1988; Kendall, 1991). According to 

Kendall (1991) there is a very high correlation between the sample's highest Pb 

concentrations and smallest particle sizes (Figure 28). Overall, the small-sized 

particles (< 150 ~-tm) from a smelter site in Butte, Montana, have 38% higher Pb 

concentrations than the total soil sample concentration. Similarly, VanBorm et al. 

(1988) studied samples from a smelter site in Belgium and concluded that by using 

the bulk concentration to represent the smallest size fraction ( < 1 0 ~-tm), the Pb 

concentration will be underestimated by at least a factor of 10. 
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In an in vivo study, lead dosed diets of 6 particle size ranges (from 6 to 

197 f.Lm) were fed to rats to examine the effects of particle size on Pb absorption 

' 
(Barltrop and Meek, 1979). A five-fold enhancement of absorption was observed 

from the diet with lead particles of mean size 6 f.Lm, compared with the 197 ~tm 

particle size diet (Figure 29). As the size of the metallic Pb particles decreases, the 

surface area of the sample increases, and so does the bioavailability. Similarly, by 

examining dissolutions of two different bulk particle size samples of galena in gastric 

fluid, Healy et al. (1982) found a strong correlation between small particle size and 

high Pb bioavailability. Although both samples reached a plateau after three hours in 

their experiment, it is possible that the larger particle size sample could outlast the 

residence time in the stomach and pass through the GI tract before becoming soluble 

(Healy et al., 1982). 

5.3. Physiological Properties 

A number of changes in pH occur as material is moved through the human 

digestive tract. In addition to alterations in pH, there are important changes in 

motility, hormonal state (i.e., vitamin D), and enzyme secretion that may also affect 

bioavailability. Redox conditions also strongly influence metal speciation; metal 

absorption decreases with increasing pH due to complexation of the metal ion with 

the hydroxide ion (Cheng et al., 1991 ). Leaching of heavy metal ions from soil and 
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other particulate matrices increases significantly when pH drops below 5 (Tessier et 

al., 1979). Gastric acid is important in the mobilization of metals when contaminated 

soils are ingested because the gastric environment is often well below pH 5. In all 

cases, except for galena, in vitro results showed the expected increase in 

bioavailability with decreasing stomach pH. Galena showed a very slight decrease in 

bioavailability from higher pH to lower pH: 0.2% to 0.1% respectively, however this 

difference is not statistically significant. 

The small intestine is the principal organ of absorption in the body, however 

in vitro results for the intestinal phase (Figure 25) show this value to underestimate 

the in vivo bioavailability value. Results from the stomach phase, on the other hand, 

consistently proved to more accurately reflect the in vivo results for Pb 

bioavailability. A possible explanation for this may be that all of the Pb soluble in the 

human stomach is completely absorbed in the intestine. Other researchers using a 

similar in vitro technique (Ruby et al., 1996) have found the same results with regard 

to the intestinal phase underestimating in vivo results when calibrating with 

alternative in vivo experiments. 

The presence of food in the digestive tract can theoretically decrease the 

bioavailability of a heavy metal (Rabinowitz et al., 1980). In vitro results showed 

inconclusive evidence in support of this theory (Figure 25). Examples of parameters 

that may affect the absorption in the gastrointestinal tract are the presence of fat, milk, 

fiber, alcohol or other drugs (Cikrt et al., 1994). The lack of food in the GI tract may 

also affect absorption by lowering the pH. Studies indicate that food may affect 

absorption in the GI tract from a time period of 2 hours before, until 3 hours after the 
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specified time of concern (James et al., 1985). With a meal, the human stomach can 

reach pH 6 (Dressman et al., 1993); while under fasting conditions the pH may be as 

low as 1 - 1.5. Gastrointestinal absorption can be as high as 70% in fasting humans or 

as low as 2 - 10% in feeding humans (Chaney et al., 1989). However, an increase in 

dietary fat may also increase the amount of Pb absorbed (Barltrop and Meek, 197 5). 

In particular, milk may lower the bioavailability of lead by co-precipitation 

with Ca phosphates formed in the duodenum (Chaney et al., 1989). Milk with a low 

lactose concentration and high level of calcium may provide protection against lead 

toxicity (Buslmell and DeLuca, 1983). Also, the vitamin D in milk may stimulate 

calcium and lead absorption (Ragan, 1983 ). 

Another factor that can be considered when examining the bioavailability of a 

sample with the in vitro technique is the effect of changes in fluid-to-solid ratio. 

Many researchers have reported on a dose-response correlation for lead (Barltrop and 

Meek, 1975; Conrad and Barton, 1978; Aungst et al., 1981; Dieter et al., 1993; Cohen 

et al., 1994; Freeman et al., 1994; WHO, 1995). The in vitro results from this study 

show a "dose-like" response for lead, and an opposite response for arsenic. 

In vivo studies with rats show a strong dose response for lead (Aungst et al., 

1981). This result may indicate that the toxic effects of lead may not be easily 

extrapolated from high levels of exposure to low, as they have been in Figure 19 for 

NIST MS 2710. Perhaps instead of extrapolating a linear curve to the lowest dose 

level (< 0.5g 250 mL-1
), it needs to be curved asymptotically at the y-axis. 

Bioavailability of low doses of exposure are particularly of interest for the subject 

who is chronically exposed to low levels of Pb. 
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VI. CONCLUSION 

6.1. Summary 

Lead compnses a major portion of the hazardous waste present in our 

environment. This naturally occurring heavy metal can be both an aid to industrial 

societies as well as a harmful contaminant. Levels have been set by the EPA to 

curtail the presence of this potentially hazardous metal, but these regulations may 

need to be adapted to fit site-specific risk assessments. Questions remain concerning 

the validity of modeling the complex relationships between blood-lead, 

environmental lead, and the bioavailability of lead. Many physical and chemical 

factors may influence the resulting bioavailability of a contaminated lead sample. 

Such influencing factors include: mineral speciation, encapsulation, co-precipitation, 

particle size, or alteration during weathering. Answers to these questions surrounding 

the bioavailability of lead may be gained by examination of specific contaminated 

samples by use ofthis in vitro experiment. 

Studies using animals or humans to assess the extent of lead bioavailability 

are often costly and limited in their control. The proposed in vitro method presented 
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in this paper is a comparatively inexpensive, adaptable model for simulating the 

process of metal uptake and bioavailability in humans. This in vitro procedure is a 

calibrated, physiologically-based extraction technique used to study reactions of 

various lead-contaminated media in stomach solution. A human's stomach and 

digestive system are fashioned in a simple laboratory flask filled with synthetic 

stomach and intestinal solutions. As a necessary validation step, the in vitro test was 

calibrated to an appropriate in vivo model, swine. Results showed an almost one-to

one relation between animal and laboratory tests for lead. Arsenic results are 

somewhat less promising, and further testing is needed. 

One of the main advantages this experiment offers is control of a desired 

variable such as: soil or waste type, particle size, mineral phase, food presence, and 

pH range of the stomach. All of these variables have been examined in this study. 

Results showed there is much variability between the bioavailability of lead from 

different contaminated media and lead sources. The range of estimated lead 

bioavailability was from non-bioavailable (0% BAF) to completely bioavailable 

(1 00% BAF). This phase-dependent character of lead bioavailability is important for 

establishing site-specific allowable levels for lead. 

In some cases, particle size can be the limiting factor in lead bioavailability. 

The smaller particle size samples proved to have a greater initial bulk lead (e.g., 

smelter samples) as well as exhibit faster dissolution rates (due to increase in surface 

area). However, some samples were so bioavailable (e.g., lead oxide) that the sample 

particle size did not affect bioavailability. In general, mineral forms of galena, 

May be protected by Copyright Law (Title 17 US Code) 



, 
I 
I 86 

pyromorphite, and anglesite had a relatively low bioavailability; while cerussite and 

lead oxide had a relatively high bioavailability. 

The evaluation of food presence in the stomach did not appear to influence 

bioavailability estimates in our system, and further testing is needed in this area. The 

stomach pH value however, proved to be a highly sensitive parameter in our in vitro 

lead bioavailability system. Generally, the more acidic the stomach pH, the more 

likely lead will be solubilized and become available for uptake into the human 

system. While it is true that the intestine is the primary organ for lead absorption, the 

in vitro intestinal phase proved to underestimate the bioavailability of lead with 

respect to in vivo calibration studies. 

6.2. Recommendations For Further Study 

Now that the in vitro method has been calibrated by direct comparison with a 

scientifically valid in vivo system across a wide range of material types and 

solubilities, it can be used to qualify potentially hazardous lead-contaminated sites. 

Some high-lead concentrated sites may not need remediation for example, if the 

dominant lead phase is galena. Other sites may have relatively low concentrations of 

lead and may still need focused remediation efforts if contaminated by lead oxide or 

cerussite. Each site classified for clean-up efforts will have several factors 

influencing the bioavailability of lead. By use of the in vitro method to evaluate a 

particular site, clean-up levels can be better estimated. 
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The setup of this experiment focuses on designing a template for use in the 

field of bioavailability that could reliably predict levels of lead uptake if properly 

calibrated to a scientifically-valid in vivo model. If adequately calibrated, this in vitro 

model may plausibly be used to identify the bioavailability of other heavy metals such 

as: cadmium, arsenic, mercury, zinc, and selenium. When used in concert with other 

evaluation methods, the in vitro method could become a useful tool for setting 

remediation levels for contaminated sites (see Forbes et al., 1989 for an excellent 

approach with Fe). Depending on the complex nature of a site, recommendations for 

study can be customized to fit the particular sites' needs. A complete and thorough 

evaluation of a contaminated site might include three complementary studies such as: 

an in vitro technique, an acceptable in vivo experiment, and a computer model for 

lead exposure. Initially, the in vitro technique could be used to screen the site quickly 

and inexpensively. Follow-up on the samples that do not pass acceptable limits of 

exposure can be supplemented by other testing methods. Computerized models for 

determining exposure to environmental lead, such as IEUBK (Integrated Exposure 

Uptake Biokinetic, USEP A, 1991; Chrostowski and Wheeler, 1992), and soil clean

up level models such as: truncated log normal (SEGH), Monte Carlo analysis 

(USEPA), or house-by-house approach (structural equation) (Bowers and Gauthier, 

1994 ), may be used together with in vitro data and risk assessment models to estimate 

more precise clean-up levels for specific PbB levels from known exposure pathways. 

In vivo methods alone are often difficult to interpret, but if used in conjunction with in 

vitro data, a more accurate site evaluation may result. 

May be protected by Copyright Law (Title 17 US Code) 



BIBLIOGRAPHY 

Aungst B.J., Dolce J.A. and Fung H.L. (1981) The effect of dose on the disposition of 

lead in rats after intravenous and oral administration. Toxicol. Appl. Pharm. 61, 

48-57. 

Barltrop D. (1969) Mineral Metabolism in Pediatrics. Blackwell Scientific 

Publishers. 

Barltrop D. and Meek F. (1975) Absorption of different lead compounds. Postgrad. 

Med. J 51, 805-809. 

Barltrop D. and Meek F. (1979) Effect of particle size on lead absorption from the 

gut. Archives Environ. Heatlh 34, 280-285. 

Bellinger D. and Needleman H.L. (1992) Neurodevelopmental effects of low-level 

lead exposure in children. In Human Lead Exposure ( ed. I-LL. Needleman), pp. 

191-208. 

Bellinger D., Leviton A., Allred E. and Rabinowitz M. (1994) Pre- and postnatal lead 

exposure and behavior problems in school-aged children. Environ. Research 66, 

12-30. 

Blair J.A., Coleman I.P.L. and Hilburn M.E. (1979) The transport of the lead cation 

across the intestinal membrane. J Physiol. 286, 343-350. 

Bornshein R.L., Succop P.A., Krafft K.M., Clark C.S., Peace B. and Hammond P.B. 

(1986) Exterior surface dust lead, interior house dust lead and childhood lead 

exposure in an urban environment. In Conference on Trace Substances in 

Environmental Health Proceedings 11, pp. 322-332. 

Bowers T. and Gauthier T.D. (1994) Use ofthe output of a lead risk assessment 

model to establish soil lead cleanup levels. Environ. Geochem. Health 16, 191-

196. 

Bowie S.H.U. and Thornton I. eds. (1985) Environmental Geochemistry and Health: 

Report to the Royal Society's British National Committee for Problems ofthe 

Environment. D. Reidel Publishing Co. 

Brattin W.J.(1997) personal communication. Roy F. Weston, Lakewood, CO. 

Bushnell P.J. and DeLuca H.F. (1983) The effects of lactose on the absorption and 

retentionof dietary lead. J Nutr. 113, 365-378. 

May be protected by Copyright Law (Title 17 US Code) 



Butler J.D. and MacMurdo S.D. (1974) Interior and exterior atmospheric lead 

concentrations of a house situated near an urban motorway. Int 'l. J. Environ. 

Studies 6, 181-184. 

Calabrese E.J. and Stanek E.J. (1995) Resolving intertracer inconsistencies in soil 

ingestion estimation. Environ. Health Perspectives, 454-457. 

Calder I. C., Maynard E.J. and Heyworth J.S. (1994) Port Pirie lead abatement 

program, 1992. Environ. Geochem. Health 16, 137-145. 

89 

Casteel S.W., Weis C.P., Henningsen G.W., Hoffman E., Brattin W.J. and Hammon 

T.L. (1996) Bioavailability oflead in soil samples from the Jasper County, 

Missouri Superfund Site. EPA Document Control Number: 04800-030-0161. 

Chaney R.L., Mielke H.W. and Sterrett S.B. (1989) Speciation, mobility, and 

bioavailability of soil lead. In Proc. Intern. Conf Lead in Soils: Issues and 

Guidelines. (ed. B.E.Davies and B.G. Wixson), pp.105-129. 

Cheng Y.L., Preslan J.E., Anderson M.B. and George W.J. (1991) Solubility and 

bioavailability of lead following oral ingestion of vitrified slagged aggregate. J. 

Hazardous Materials 27, 137-158. 

Choudhury H., Peirano W.B., Marcus A., Elias R., GriffinS. and DeRosa C.T. 

(1992) Utilization ofuptake biokinetic (UBK) lead model to assess risk in 

contaminated sites. In Superfund Risk Assessment in Soil Contamination Studies. 

(K.B. Hoddinott ed.), American Society for Testing and Materials. 

Chrostowski P.C. and Wheeler J.A. (1992) A comparison of the integrated uptake 

biokinetic model to traditional risk assessment approaches for enviromnental 

lead. In Superfund Risk Assessment in Soil Contamination Studies. ASTM STP 

1158 (K.B. Hoddinott ed.), pp. 151-166. 

Cikrt M., Thomas V., Tichy M. and Culikova H. (1994) Bioavailability of hazardous 

wastes. Cent. Eur. J Pub!. Health Suppl, 60-64. 

Clapp T.C., Umbreit T.H., Meeker R.J., Kasson D.S., Gray D. and Gallo M.A. 

(1991) Bioavailability ofPb and Cr from encapsulated pigment materials. Bull. 

Environ. Contam. Toxicol. 46, 271-275. 

ClarkS., Bornschein R.L., Pan W., Menrath W., RodaS. and Grote J. (1996) The 

relationship between surface dust lead loadings on carpets and the blood lead of 

young children. Environ. Geochem. Health 18, 143-146. 

May be protected by Copyright Law (Title 17 US Code) 



--~--------------·----

90 

Cleymaet R., Quartier E., Slop D., RetiefD.H., Smeyers-Verbeke J. and Coomans D. 

(1991) Model for assessment oflead content in human surface enamel. J. Toxic. 

Environ. Health 32, 111-127. 

Cohen M.D., Yang Z. and Zelikoff J. T. (1994) Immunotoxicity of particulate lead: In 

vitro exposure alters pulmonary macrophage tumor necrosis factor production and 

activity. J Toxicol. Environ. Health 42, 377-392. 

Connor E.E., Scanlon P.F. and Kirkpatrick R.L. (1994) Bioavailability oflead from 

contaminated sediment in northern bobwhites, Colinus virginianus. Arch. Environ. 

Contam. Toxicol. 27, 60-63. 

Conrad M.E. and Barton J.C. (1978) Factors affecting the absorption and excretion of 

lead in the rat. Gastroenterology 74,731-740. 

Cotter-Howells J. and Thornton I. (1991) Sources and pathways of environmental 

lead to children in a Derbyshire mining village. Environ. Geochem. Health 13, 

127-135. 

Dacre J.C. and TerHaar G.L. (1977) Lead levels in tissues from rats fed soils 

containing lead. Arch. Environ. Contam. Toxicol. 6, 111-119. 

Danse I.H.R., Garb L.G. and Moore R.H. (1995) Blood lead surveys of 

comnnmities in proximity to lead-containing mill tailings. Am. Ind. Hyg. Assoc. J. 

56, 384-393. 

Davies B.E. (1990) Lead. In Heavy Metals in Soils (ed. B.J. Alloway), pp. 177-196. 

Davis A., Ruby M.V. and Bergstrom P.D. (1992) Bioavailability of arsenic and lead 

in soils from the Butte, Montana, mining district. Environ. Sci. Techno!. 26, 461-

468. 

Day J.P., Fergussson J.E. and Chee T.M. (1979) Solubility and potential toxicity of 

lead in urban street dust. Bull. Environ. Contam. Toxicol. 23, 497-502. 

Diamond G. (1990) Technical Support Documentfor Lead. Prepared for: USEPA 

Environmental Criteria Assessment Office. SRC TR-89-133. 

Diepenmaat-Wolters M.G.E. and Schreuder H.A.W. (1993) A continuous in vitro 

method for estimation of the bioavailability of minerals and trace elements in 

foods. In Bioavailability '93: Nutritional, Chemical and Food Processing 

Implications of Nutrient Availability-- Proceedings Part I (ed. U. Schlemmer). 

May be protected by Copyright Law (Title 17 US Code) 



91 

Dieter M.P., Matthews H.B., Jeffcoat R.A. and Moseman R.F. (1993) Comparison of 

lead bioavailability in F344 rats fed lead acetate, lead oxide, lead sulfide, or lead 

ore concentrate from Skagway, Alaska. J Toxic. Environ. Health 39, 79-93. 

Dressman J.B., Bass P., Ritschel W.A., Friend D.R., Rubinstein A. and Ziv E. (1993) 

Gastrointestinal parameters that influence oral medications. J Pharm. Sci. 82, 857-

872. 

Drexler J.W. (1996) personal communication. University of Colorado, Boulder, CO. 

Drexler J.W. and Mushak P. (1995) Health risks from extractive industry wastes: 

Characterization ofheavy metal contaminants and quantification of their 

bioavailability and bioaccessibility. Third International Conference on the 

Biogeochemistry ofTrace Elements (abstr.). 

Duggan M.J., Inskip M.J., Rundle S.A. and Moorcroft J.S. (1985) Lead in playground 

dust and on the hands of school children. Sci. Total Environ. 44, 65-79. 

Engel B., Lalor G.C. and Vutchkov M.K. (1996) Spatial pattern of arsenic and lead 

distributions in Jamaican soils. Environ. Geochem. Health 18, 105-111. 

Fergussen J.E. (1990) The Heavy Elements: Chemistry, Environmental Impact and 

Health Effects. Pergamon Press. 

Forbes A.L., Adams C.E., Arnaud M.J., Chichester C.O., Cook J.D., Harrison B.N., 

Hurrell R.F., Kahn S.G., Morris E.R., Tanner J.T. and Whittaker P. (1989) 

Comparison of in vitro, animal, and clinical determinations of iron bioavailability : 

International nutritional anemia consultative group task force report on iron 

bioavailability. Am. J Clin. Nutr. 49, 225-238. 

Fowler B.A. and DuVal G. (1991) Effects oflead on the kidney: Roles of high

affinity lead-binding proteins. Environ. Health Perspectives 91, 77-80. 

Franklin B. (1918) Pernicious effects oflead. In The Works of Ben Franklin. (B. 

Franklin ed.), B.C. Buzby. 

Freeman G.B., Johnson J.D., Liao S.C., Feder P.I., Davis A.O., Ruby M.V., Schoof 

R.A., Chaney R.L. and Bergstrom P.D. (1994) Absolute bioavailability of lead 

acetate and mining waste lead in rats. Toxicology 91, 151-163. 

Freeman G.B, SchoofR.A., Ruby M.V., Davis A.O., Dill J.A., Liao S.C., Lapin C.A. 

and Berg strom P .D. ( 199 5) B ioavailability of arsenic in soil and house dust 

impacted by smelter activities following oral administration in cynomolgus 

monkeys. Fund. Appl. Toxicol. 28, 215-222. 

May be protected by Copyright Law (Title 17 US Code) 



92 

Graziano J.H., Blum C.B., Lolacona N.J., Slavkovich V., Manton W.I., PondS. and 

Moore M.R. (1996) A human in vivo model for the determination of lead 

bioavailability using stable isotope dilution. Environ. Health Persp. 104, 176-179. 

Gulson B.L., Pisaniello D., McMichael A.J., Mizon K.J., Korsch M.J., Luke C., 

Ashbolt R., Pederson D. G., Vimpani G. and Mahaffey K.R. (1996) Stable lead 

isotope profiles in smelter and general urban communities: A comparison of 

environmental and blood measures. Environ. Geochem. Health 18, 147-163. 

Hafen M.R. and Brinkmann R. (1996) Analysis oflead in soils adjacent to an 

interstate highway in Tampa, Florida. Environ. Geochem. Health 18, 171-179. 

Hamelink J.L., Landrum P.F., Bergman H.L and Benson W.H. eds. (1994) 

Bioavailability: Physical, Chemical, and Biological Interactions. CRC Press, Inc. 

Hamilton J.D., O'Flaherty E.J., Ross R., Shukla R. and Gartside P.S. (1994) 

Structural equation modeling and nested ANOV A: Effects of lead exposure on 

maternal and fetal growth in rats. Environ. Research 64, 53-64. 

Harrison R.M., Laxen D.P.H. and Wilson S.J. (1981) Chemical associations ofleacl, 

cadmium, copper, and zinc in streets dusts and roadside soils. Environ. Sci. 

Techno!. 15, 1378-1383. 

Hays S.P. (1992) The role of values in science and policy: The case of lead. In 

Human Lead Exposure (ed. H.L. Needleman), pp. 267-283. 

Hazell T. and J olmson I. T. (1987) In vitro estimation of iron availability from a range 

of plant foods: Influence ofphytate, ascorbate and citrate. Brit. J Nutr. 57, 223-

233. 

Healy M.A. (1984) Theoretical model of gastrointestinal absorption of lead. J 

Clinical Hasp. Pharm. 9, 257-261. 

Healy M.A., Harrison P.G., Aslam M., Davis S.S. and Wilson C.G. (1982) Lead 

sulphide and traditional preparations: Routes for ingestion, and solubility and 

reactions in gastric fluid. J Clinical Hasp. Pharm. 7, 169-173. 

James H.M., Hilburn M.E. and Blair J.A. (1985) Effects of meals and meal times on 

uptake of lead from the gastrointestinal tract in humans. Human Toxicol. 4, 401-

407. 

Johnson A.H.M., Lalor G.C., Preston J., Robotham H., Thompson C. and Vutchkov 

M.K. (1996) Heavy metals in Jamaican surface soils. Environ. Geochem. Health 

18, 113-121. 

May be protected by Copyright Law (Title 17 US Code) 

l 
I 



Jugo S., Maljkovic T. and Kostial K. (1975) Influence of chelating agents on the 

gastrointestinal absorption oflead. Toxicol. Appl. Pharm. 34, 259-263. 

Karakaya A., Ilko M., Ulusu T., Akal N., Isimer A. and Karakaya A.E. (1996) Lead 

levels in deciduous teeth of children from urban and suburban regions in Ankara 

(Turkey). Bull. Environ. Contam. Toxicol. 56, 16-20. 

Kendall D. (1991) Butte soil samples: Relationship between the elemental 

concentrations in the small sized particles and the total concentrations. 

Unpublished USEP A Memorandum. 

93 

Khalil-Manesh F., Gonick H. C., Weiler E.W.J., Prins B., Weber M.A., Purdy R. and 

Ren Q. (1994) Effect of chelation treatment with dimercaptosuccinic acid (DMSA) 

on lead-related blood pressure changes. Environ. Research 65, 86-99. 

Kissel J.C., Richter K.Y. and Fenske R.A. (1996) Factors affecting soil adherence to 

skin in hand-press trials. Bull. Environ. Contam. Toxicol. 56, 722-728. 

Laboratory of Environmental and Geological Science Standard Operating 

Procedure (1993), University of Colorado at Boulder, ICP-AES Analyses. 

Laboratory of Enviromnental and Geological Science Standard Operating Procedure 

(1993), University of Colorado at Boulder, XRF Analyses. 

LaVelle J.M., Poppenga R.H., Thacker B.J., Giesy J.P., Weis C., Othoudt R. and 

Vandervoort C. (1991) Bioavailability of lead in mining wastes: An oral intubation 

study in young swine. Chemical Speciation Bioavailability 3. 

Levy D.B., Barbarick K.A., Siemer E.G. and Sommers L.E. (1992) Distribution and 

partitioning of trace metals in contaminated soils near Leadville, Colorado. J 

Environ. Qual. 21, 185-195. 

Lide, D.R. ed. (1994) CRC Handbook of Chemistry and Physics. CRC Press. 

Luthman J. Kindqvist E. Gerhardt G.A., Olson L. and Hoffer B.H. (1994) Alterations 

in central monoamine systems after postnatal lead acetate treatment in rats. 

Environ. Research 65, 100-118. 

Lutz P.M., BauerS., Gale N.L., Hewett J., Phillips P.E., Looney F.M. and Bengsch 

H. ( 1994) Immunity in children with exposure to environmental lead: I. Effects on 

humoral immunity. Environ. Geochem. Health 16, 179-189. 

Mahaffey K.R. (1977) Quantities of lead producing health effects in humans: Sources 

and bioavailability. Environ. Health Perspectives 19, 285-295. 

May be protected by Copyright Law (Title 17 US Code:\)--====~~~~~~~~ 



Matte T.D., Landrigan P.J. and Baker E.L. (1992) Occupational Lead Exposure. In 

Human Lead Exposure (ed. H.L. Needleman), pp. 155-168. 

Medlin E.A. and Drexler J. W. (1995) Development of an in vitro technique for the 

determination ofbioavailability from metal-bearing solids. Third International 

Conference on the Biogeochemistry ofTrace Elements (abstr.). 

94 

Miller D.D., Schricker B.R., Rasmussen R.R. and VanCampen D. (1981) An in vitro 

method for estimation of iron availability from meals. Amer J Clin. Nutr. 34, 

2248-2256. 

Minihane A.M., Fox T.E. and Fairweather-Tait S.J. (1993) A continuous flow 41 

vitro method to predict bioavailability of Fe from foods. In Bioavailability 

'93: Nutritional, Chemical and Food Processing Implications of Nutrient 

Availability-- Proceedings Part I (ed. U. Schlemmer), pp. 175-178. 

Mohammed T.I., Chang-Yen I. and Bekele I. (1996) Lead pollution in East Trinidad 

resulting form lead recycling and smelting activities. Environ. Geochem. Health 

18, 123-128. 

Mullen A.A., Mosley R.E. and Nelson Z.C. (1980) Studies to determine the 

absorption and excretion dynamics of lead. USEP A document. 

Mushak P. (1991) Gastro-intestinal absorption oflead in children and adults: 

Overview of biological and biophysico-chemical aspects. Chern. Speciation 

Bioavailability, 87-104. 

Mushak P. (1996) Comparitive Aspects ofBAF's via Different Model Systems. 

Personal communication to Dr. John Drexler. 

National Academy of Sciences (1980) Lead in Human Environment: A Report 

Prepared by the Committee on Lead in the Human Environment. Nat'l Acad. 

Science. 

Needleman H.L. (1992) Human Lead Exposure. CRC Press. 

Needleman H.L. and Gatsonis C.A. (1990) Low-level lead exposure and the IQ of 

children. A meta-analysis of modern studies. J Amer. Med. Assoc. 263, 673-678. 

Nriagu J.O. (1973) Lead orthophosphates -II. Stability of chloropyromorphite at 

25°C. Geochimica et Cosmochimica Acta 37, 367-377. 

May be protected by Copyright Law (Title 17''u"s~c~od~e~)""'"'""=-"'~====::::=:::=====~ 



95 

Patters?n C. C. (1980) An alternative perspective- Lead pollution in the human 

env~rorunent: Origin, extent, and significance. In Lead in the Human Environment. 

Natwnal Academy of Sciences. 

Payne J.W. (1989) In Vitro Techniques in Research. Open University Press. 

Rabinowitz M.B., Kopple J.D. and Wetherill G.W. (1980) Effect of food intake and 

fasting on gastrointestinal lead absorption in humans. Amer. J Clin. Nutr. 33, 

1784-1788. 

Rabinowitz M., Needleman H., Burley M., Finch H. and Rees J. (1984) Lead in 

umbilical blood, indoor air, tap water, and gasoline in Boston. Arch. Environ. 

Health 39, 299-301. 

Ragan H.A. (1983) The bioavailability of iron, lead and cadmium via gastrointestinal 

absorption: A review. Sci. Total Environ. 28, 317-326. 

Rice D.C. (1996) Behavioral effects of lead: Commonalities between experimental 

and epidemiologic data. Environ. Health Persp. 104 (suppl. 2) 337-351. 

Ruby M.V., Davis A., Link T.E., SchoofR., Chaney R.L., Freeman G.B. and 

Bergstrom P. (1993) Development of an in vitro screening test to evaluate in vivo 

bioaccessibility of ingested mine-waste lead. Environ. Sci. Techno!. 27, 2870-

2877. 

Ruby M.V., Davis A., SchoofR., Eberle S. and Sellstone C. (1996) Estimation of 

lead and arsenic bioavailability using a physiologically based extraction test. 

Environ. Sci. Techno!. 30, 422-430. 

SchoofR.A., Butcher M.K., Sellstone C., Ball R.W., Fricke J.R., Keller V. and Keehn 

B. (1995) An assessment of lead absorption from soil affected by smelter 

emissions. Environ. Geochem. Health 17, 189-199. 

Schwartz, J. (1994a) Low-level lead exposure and children's IQ: A meta-analysis and 

search for a threshold. Environ. Research 65, 42-55. 

Schwartz, J. (1994b) Societal benefits of reducing lead exposure. Environ. Research 

66, 105-124. 

Shen L., Luten J., Robberecht H., Bindels J. and Deelstra H. (1994) Modification of 

an in vitro method for estimating the bioavailability of zinc and calcium from 

foods. Z. Lebensm Unters Forsch. 199, 442-445. 

May be protected by Copynght Law (ntle 17 US Code) 

au ,. 



Sheppard S.C. (1995) A model to predict concentration enriclunent of contaminants 

on soil adhering to plants and skin. Environ. Geochem. Health 17, 13-20. 

Spittler T.~. and Feder W.A. (1979) A study of soil contamination and plant lead 

uptake m Boston urban gardens. Commun. Soil Science Plant Anal. 10, 1195-

1210. 

96 

Stansley W. and Roscoe D.E. (1996) The uptake and effects of lead in small 

mammals and frogs at a trap and skeet range. Arch. Environ. Contam. Toxicol. 30, 

220-226. 

Steele M.J., Beck B.D., Murphy B.L. and Strauss H.S. (1990) Assessing the 

contribution from lead in mining wastes to blood lead. Reg. Toxicol. Pharm. 11, 

158-190. 

Steenhout A. (1992) Body lead distribution in children: Physiological significance of 

biomarkers values vs. age and curvilinear or linear relations with a first order 

kinetic. In Impact of Heavy Metals on the Environment ( ed. J.P. Vernet ). 

Stein W.D. (1986) Channels across the cell membrane. In Transport and Diffusion 

Across Cell Membranes. pp. 114-230. 

Stumm W. and Morgan J.J. (1981) Aquatic Chemistry. An Introduction Emphasizing 

Chemical Equilibria in Natural Waters. J. Wiley & Sons Inc. 

Tessier A., Campbell P.C.G. and Bisson M. (1979) Sequential extraction procedure 

for the speciation of particulate trace metals. Anal. Chern. 51, 844-851. 

Tovar J.A., Wang W. and Eizaguirre I. (1993) Simultaneous gastroesophageal pH 

monitoring and the diagenesis of alkaline reflux. J Pediatric Surgery 28, 1386-

1392. 

Trahey, N.M., ed. (1995) NIST Standard Reference Materials Catalog 1995-96 NIST 

Special Pub. 260, National Institute of Standards and Technology. 

Tsuji J.S. and Serl K.M. (1996) Current uses ofthe EPA lead model to assess health 

risk and action levels for soil. Environ. Geochem. Health 18, 25-33. 

U.S. Environmental Protection Agency (1991) Guidance manual for the integrated 

exposure uptake biokinetic model for lead in children. Office of Emergency and 

Remedial Response, Washington D.C. 

Van Borm W., Keersmaekers T. and Adams F. (1988) Resuspended soil particles with 

high concentration of Cu, As, Cd, and Pb as a function of particle size. J Aerosol 

Sci. 19, 1287-1289. 

---~ 

May be protected by Co pyrighlft ula3iiwif7'i(Tititifil e:"1177tU~S~C~o~dke:\")=======::=::;;;;;;;;;;;;;;;;;;;;,;;;;;;;;;;;;;;;;;;;;;;;;;;;;:;;;;~ 



Van Dokkum W. (1989) The significance of speciation for predicting mineral 

bioavailability. In Nutrient Availability: Chemical and Biological Aspects, 

(D. Southgate et al., eds.), pp. 89-96. 

Weis C.P. and LaVelle J.M. (1991) Characteristics to consider when choosing an 

animal model for the study of lead bioavailability. Chern. Speciation 

Bioavailability 3, 113-119. 

Weis C.P., Poppenga R.H., Thacker B.J., Henningsen G.M. and Curtis A. (1995) 

Design of pharmacokinetic and bioavailability studies of lead in an immature 

swine model. In Lead in Paint, Soil, and Dust: Health Risks, Exposure Studies, 

Control Measures, Measurement Methods, and Quality Assurance. ASTM STP 

1226. (Michael E. Beard & S.D. Allen Iske eds.), Amer. Soc. For Testing 

Materials, Philadelphia. 

Williams R.J.P. (1981) Natural selection ofthe chemical matters. Proceed. Royal 

Society 213, 361-97. 

97 

Wolters M.G.E., Schreuder H.A.W., Van Den Heuvel G., Van Lonkhuijsen H.J., 

Hermus R.J.J. and Voragen. (1993) A continuous in vitro method for estimation of 

the bioavailability of minerals and trace elements in foods: Application to breads 

varying in phytic acid content. Brit. J Nutr. 69, 849-861. 

World Health Organization (1995) Environmental Health Criteria 165 : Inorganic 

Lead. Geneva, Switzerland. 

Xintaras, C. (1992) Impact oflead-contaminated soil on public health. ASTDR 

analysis paper. CDC Prevention Guidelines. 

May be protected by Copyright Law (Title 17 US Code) 



APPENDIX I. 
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Compilation of in vitro data vs. pig-fed samples from the EPA 

All data are Relative Bioavailabilities (RBA's); all bulk Pb and As, and ICP values are ppm 

EPA Pb - last updated: December 4,1996 

EPA As - last updated: March 11, 1997 

CU in vitro Pb and As -last updated: AprilS, 1997 

I 
(1} Sample name: Bingham Creek (Kennicott <3500,>3000}, Salt Lake City, Utah 

sample type: high lead soil 

PbS 30% 

total bulk Pb: 6330 total bulk As : 

pigPbbio%: 29% pigAsbio%: 

date: lp_H; date: 

4/6/95 1.5 4/6/95 

sample ICP %bio (Pb} rpd (spike 20 ppm} sample ICP 

20min X X X 20min X 

40min 22.007 39% X 40min 0.228 

60min 22.448 39% X SO min 0.234 

date: pH: date: 

10/23/96 1.5 10/23/96 

sample ICP o/obio(Pb) rpd (spike 20 ppm) sample ICP 

20min 18.836 33 2.1 20min 0.188 

40min 19.569 34 3.1 40min 0.221 

SO min 19.985 35 0.8 60min 0.195 

date: )pH: date: 

10/23/96 1.5 10/23/96 

sample ICP %bio (Pb} rpd {spike 20 ppm) sample ICP 

20min 18.006 32 X 20min 0.161 

40min 19.684 35 X 40min 0.233 

SO min 19.734 35 X 60min 0.26 

date: ,pH: date: 

10/23/96 1.5 10/23/96 

sample ICP o/obio(Pb) rpd {spike 20 ppm) sample ICP 

20min 19.2 34 X 20min 0.173 

40min 20.351 36 X 40 min 0.214 

SO min 20.827 37 X SO min 0.203 

I -
I I I I 

149 
31% 

)pH: 
1.5 

% bio (As) rpd (spike 20 ppm) 

X X 

17% X 

17% X 

,p_H: 
1.5 

% bio{As) rpd (spike 20 ppm) 
14 X 

17 X 

15 X 

IJJH: 
1.5 

o/obio(As) rpd (spike 20 ppm) 

12 X 

17 X 

19 X 

)pH: 
1.5 

%bio(As) rpd (spike 20 ppm) 

13 X 

16 X 

15 X 

I I 

in vitro Ill 

blood II 

Pig Iii 

20 40 

35-39 

30 

29 

60 80 100 

I 

I 

I 

\.0 
\0 

--~~-----------------
--~~~-:..~- ~--- I 
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(2) Sample name: 
sample type: 
PbB 
total bulk Pb: 
plgPbblo%: 

date: 
4/6/95 

sample ICP %bio(Pb) 

20min X X 

40mln 6.807 48% 

60min 7.042 49% 

date: 
10/23/96 

sample ICP o/oblo (Pb) 

20min 5.817 41 

40min 6.295 44 

60 min 6.497 45 

date: 
10123/96 

sample ICP %bio (Pb) 

20min 5.894 41 

40min 6.501 45 

60min 6.567 46 

date: 
10/23/96 

sample ICP %bio(Pb) 

20 min 6.165 43 

40mln 6.498 45 

60min 6.713 47 

I 

I I I I 
I I -I 

Bingham Creek (Kennicott <2500),Salt Lake City, Utah 

low lead soil I 
32% 
1590 total bulk As: 

31% plgAsblo%: 

!pH: date: 

1.5 4/6/95 

rpd (spike 20 ppm) sample ICP 

X 20min X 

X 40min 

X 60min 

!pH: date: 

1.5 10123/96 

rpd (spike 20 ppm) sample ICP 

2.1 20min 

28 40min 

0.7 GO min 

H: date: 

1.5 10/23/96 

rpd (spike 20 ppm) sample ICP 

X 20 min 
X 40min 

X 60 min 

!pH: date: 

1.5 10/23/96 

rpd (spike 20 ppm) sample ICP 

X 20mln 

X 40min 

X 60 min 

I 
-

51.2 

H: 
1.5 

%bio(As) rpd (spike 20 ppm) 

X X 

0.17 37% X 

0.141 31% X 

pH: 
1.5 

o/obio(As) rpd (spike 20 ppm) 

0.195 43 X 

0.191 42 X 

0.191 42 X 

H: 
1.5 

o/obio(As) rpd (spike 20 ppm) 

0.176 38 X 

0.158 34 X 

0.18 39 X 

:Pf.t: 
1.5 

%bio(As) rpd (spike 20 ppm) 

0.176 38 X 

0.199 43 X 

0.76 38 X 

I 

In vitro • 
blood II 

Pig II 

20 40 60 

45-49 

32 

31 

80 100 

I 

' 

I 

I 

I 
I 
I 

,_.. 
0 
0 

_j 
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(3) Sample name: 
sample type: 
PbB 
total bulk Pb: 
plgPbbio%: 

date: 
4/6/95 

sample ICP % bio (Pb) 

20min X X 

40min 64.765 67% 

SO min 67.903 70% 

date: 
4/6/95 

sample ICP o/obio (Pb) 

20mln X X 

40mln 70.477 73% 

SO min 74.34 76 

date: 
10/23/96 

sample ICP o/obio(Pb) 

20min 54.285 56 

40min 55.832 57 

60min 57.164 59 

Jasper County HL Smelter (HL Smelter), Missouri 

slag 
56% 

10,800 total bulk As : 

58% plgAsbio%: 

H: date: 

1.5 4/6/95 

rpd (spike 20 ppm) sample ICP % blo (As) 

X 20mln X X 

X 40min 0.129 57% 

X 60mln 0.154 68% 

H: date: 

1.5 4/6/95 

rpd (spike 20 ppm) sample ICP o/obio(As) 

X 20min X X 

X 40min 0.162 62% 

X 60min 0.154 64 

H: date: 

1.5 10/23/96 

rpd (spike 20 ppm) sample ICP o/obio(As) 

X 20min 0.24 107 

X 40 min 0.15 67 

J.X 60mil1. ___ o~_ 45 

25 in vitro - 59-70 

blood 1111 56 

H: 
1.5 Pig Ill! 58 

rpd (spike 20 ppm) 
X ~ 

X 

X 20 40 60 80 100 

IIJH: 
1.5 

rpd (spike 20 ppm) 
X 

X 

X 

pH: 
1.5 

rpd (spike 20 ppm) 
X 

lx 
X 

,_. 
0 ,_. 

I 
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(4) Sample name: 
sample tyee: 
PbB 
total bulk Pb: 
plgPbblo%: 

date: 
1/9/96 

sample ICP %bio(Pb) 

20 min 25.806 71% 

40min 27.016 74% 

6Dmin 27.372 75% 

date: 
217/96 

sample ICP %bio(Pb) 

20min 21.045 58% 

4Dmin 24.686 68% 

GO min 25.829 71% 

(5) Sample name: 

sample type: 
PbB 
total bulk Pb: 
plgPbblo%: 

date: 
1/9/96 

sample ICP %bio(Pb) 

20mln 45.757 73% 

40min 49.709 80% 

60mln 50.23 80% 

! 

I 
I 

-I 
Jasper County LL Yard (LL Yard), Missouri 

soil 
78% 
4050 total bulk As : 

80% plgAsblo%: 

H: date: 

1.2 2!7/96 

rpd (spike 20 ppm) sample ICP 

1.30% 2Dmin 

2.70% 4Dmin 

1.20% 60mln 

QH: 
1.5 

rpd (spike 20 ppm) 

X 

X 

X 

Jasper County HL Mill (HL Mill), Missouri 

soil 
82% 
6940 
79% 

H: 
1.2 

rpd (spike 20 ppm) 
0.20% 
3.80% 

2.80% 

11 In vitro 

blood 

H: 
1.5 Pig 

o/obio(As) rpd (spike 20 ppm) 

0.093 94%(dl X 

0.129 130% (dl) X 

0.105 106% (dl) X 
20 

in vitro 

blood 

Pig 

20 

I 

II 

11 

40 60 80 

1111 

Ill! 

40 60 80 

71-75 

78 

80 

100 

80 

82 

79% 

100 

I 

,_. 
0 
N 

' 
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(6) Sample name: 

sample tvpe: 
PbB 
total bulk Pb: 
plgPbblo%: 

date: 
3/22/95 

sample ICP %blo (Pb) 

20min X X 

40min 56.132 54% 

60mln 68.158 66% 

date: 
3/23/95 

sample ICP % bio (Pb) 

20mln X X 

40mln 69.824 67% 

60min 74.354 72% 

date: 
1/10/96 

sample ICP % blo (Pb) 

20min 53.121 50% 

40min 60.906 58% 

6Dmin 67.221 64% 

date: 
1111/96 

sample ICP %bio(Pb) 

20min 48.289 46% 

40min 61.244 58% 

60 min 66.387 63% 

I I I I 

Murray Smelter (MHA-A36), Salt Lake City, Utah 

slag 
55% 

11,700 total bulk As : 

53% plgAsblo%: 

H: date: 

1.3 3/22/95 

rpd (spike 20 ppm) sample ICP 
20min X 

1.5 40min 2.62 

0.5 6Dmin 3.64 

H: date: 

1.5 3/23/95 

rpd (spike 20 ppm) sample ICP 

X 20mln X 

X 40min 3.626 

X SO min 3.826 

H: 
1.2 

rpd (spike 20 ppm) 
3% 

2.50% 
5.30% 

jpH: 
1.1 

rpd (spike 20 ppm) 
X 

X 

X 

l --- --------

710 
53% 

H: 
1.3 

%bio(As) rpd (spike 20 ppm) 

X X 

42% X 

58% X 

H: 
1.5 

% bio (As) rpd (spike 20 pom) 

X X 

56% X 

61% X 

in vitro -blood IIIII 

Pig 1111 

20 40 so 

63-72 

55 

53 

80 100 

I 

I 

' 

,_. 
0 
w 

' 
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(7) Sample name: 

sample type: 

PbB I 
total bulk Pb: 
plgPbblo%: 

date: 
1111/96 

sample ICP 
20min 9.103 

40mln 10.1 

60min 11.986 

date: 
217/96 

sample ICP 
20min 1.197 

40min 6.024 

60mln 7.872 

(8) Sample name: 

sample type: 
PbB 
total bulk Pb: 
plgPb blo%: 

date: 
12/29/94 

sample ICP 
20min X 

40 min 24.3 

so min 26.901 

date: 
12/29/94 

sample ICP 

20mln X 

40min 26.5 

60mln 26.899) 

%bio(Pb) 
13% 
14% 

17% 

% bio (Pb) 
2% 
B% 

11% 

'loblo(Pb) 

X 
36% 

40% 

% bio (Pb) 

X 

39% 

40% 

I I 

Midvale slag (Midvale 1), Salt lake City, Utah 

slag 
20% 
7895 total bulk As : 

17% plgAsbio%: 

H: date: 

1.2 217196 

rpd (spike 20 ppm) sample ICP 

X 20mln 0.877 

X 40min 1.077 

X 60min 1.176 

H: 
1.3 

rpd (spike 20 ppm) 
X 

X 

X 

Leadville Residential Composite (8-35690/-91/-92), Colorado 

lead soil 
71% 
7510 total bulk As: 

74% plgAsbio%: 

H: date: 

1.5 12/29/94 

rpd (spike 20 ppm) sample ICP 

X 20mln X 

X 40 min 0.031 

X 
SO min 0.022 

H: 
date: 

1.5 12/29/94 

rpd (spike 20 ppm) sample ICP 

X 
20min X 

lx 40min 0.228 

lx 60min 0.243 
----

710 
14% 

)pH: 
1.3 

%bio(As) rpd (spike 20 ppm) 

14% X 

17% X 

18% X 

I 

11 
bad 

)pH: 
1.5 

%bio(As) rpd (spike 20 ppm) 

X X 

31% (dl) X 

22% (dl) X 

H: 
1.5 

% blo (As) rpd (spike 20 ppm) 

X lx 
12% X 

13% X 

in vitro 111111 11-17 

blood 20 

Pig Ill 17 

20 40 

in vitro 

blood 

Pig 

20 40 

60 80 

Ill 

lllll 

60 80 

100 

40 

71 

74 

100 

I 

' 
i 

' 

,___.. 
0 
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(9) Sample name: 

sample type: 

PbB 
total bulk Pb: 
pigPbblo%: 

date: 
1/11/96 

sample ICP 
20mln 28.007 

40mln 31.287 

60 min 32.247 

(10) Sample name: 

sample type: 
PbB 
total bulk Pb: 
plgPbblo%: 

date: 
1/4/95 throw out 

sample ICP 
20min X 

40min 1.243 

SO min 1.699 

date: 
3/22/95 

sample ICP 

20min X 

40mln 7.478 

60min 11.468 

date: 
3/22/95 

sample ICP 

20 min X 

40min 6.746 

60 min 8.746 

date: 
3/25/95 

sample ICP 

20min X 

40min 5.922 

so min 10.634 

I ' 

Leadville Fe/Mn PbO (Lead Mn),Califomia Gulch, Colorado 

mining soil 
87% 
4320 total bulk As : 

90% plgAsblo%: 

I pH: 
1.1 

% blo (Pb) rpd (spike 20 ppm) 

72% 6°/o 

81% 3.50% 

83% 3% 

Leadville AV Smelter Slag (Arkansas Valley; WQ <250), Colorado 

slag 
20% 

10,600 total bulk As : 

18% plgAsblo%: 

!PH: date: 

2.5 1/4/95 

%bio(Pb) rpd (spike 20 ppm) sample ICP %blo(As) 

X X 20min X X 

1.30% X 40 min 1.653 17% 

1.70% X 60min 1.887 20% 

[pH: date: 

1.3 3/22/95 

%bio(Pb) rpd (spike 20 ppm) sample ICP % bio (As) 

X X 20min X X 

8% X 40min 1.826 19% 

12% X 60min 1.866 20% 

loH: 
1.3 

% bio (Pb) rpd (spike 20 ppm) 

X X 

7% X 

9% X 

loH: date: 

1.5 3/25195 

%bio(Pb) rpd (spike 20 ppm) sample ICP %bio(As) 

X X 20min X X 

6% X 40 min 1.678 18% 

11% X 60 min 2.112 20% 

I 

I 

110 in vitro 

42% 
blood 

Pig 

1050 in vitro 

16% 
blood 

H: 
2.5 Pig 

rpd (spike 20 ppm) 

X 

X 

X 

H: 
1.3 

rpd (spike 20 ppm) 
X 

X 

X 

H: 
1.5 

rpd (spike 20 ppm) 

X 

X 

X 

I 

20 40 60 

• 9-12 

I 20 

Ill 18 

20 40 60 

II 

T 

l!il 

80 100 

80 100 

83 

87 

90 

........ 
0 
V'l 

~-----....:..___' _j 
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(11) Sample name: 

sample type: 

PbB I 
total bulk Pb: 
plgPbblo%: 

date: 
1/9196 

sample ICP 

20 min 11.462 

40min 13.842 

60min 15.135 

date: 
217196 throw out 

sample ICP 

20min 7.913 

40min 9.313 

60min 10.252 

date: 
10/23/96 

sample ICP 

20 min 12.32 

40mln 14.357 

SO min 15.68 

date: 
10/23/96 

sample ICP 

20min 12.054 

4Dmin 14.568 

&Omin 15.742 

date: 
10/23196 

sample ICP 

20min 12.131 

40min 14.211 

so min 15.723 

%bio(Pb) 
39% 
48% 

52% 

% bio (Pb) 
27% 
32% 
35% 

%bio(Pb) 
43 
49 
54 

%bio(Pb) 
42 
50 
54 

%bio(Pb) 
42 
49 
54 

Palmerton Location 2 (Palmerton 2, Pom 2), New Jersey 

soil I 
72% 
3230 total bulk As : 110 in vitro • 35-54 

70% plgAsblo%: 52% 
blood Ill 72 

H: 
1.2 

Pig 111111 70 

rpd (spike 20 ppm) 
0.65% 
1.40% 

3.30% 
20 40 60 80 1001 

I 

H: date: H: 

1.4 217/96 1.4 
I 

rpd (spike 20 ppm) sample ICP %bio(As) rpd (spike 20 ppm) 
I 

X 20mln 0.118 12% X 

! 

X 40min 0.12 12% X 
! 

X 60min 0.162 16% X 

[pH: date: !PH: 

1.5 10/23196 1.5 

rpd (spike 20 ppm) sample ICP %bio(As) rpd (spike 20 ppm) 

1.7 20min 0.113 11 X 

3.1 40min 0.158 16 X 

1.8 60min 0.139 14 X 

H: date: Pli: 

1.5 10123196 1.5 

rpd (spike 20 ppm) sample ICP %bio(As) rpd (spike 20 ppm) 

X 20min 0.079 8 X 

X 40min 0.135 14 X 

X 60min 0.169 17 X 

pH: 
date: !PH: 

1.5 10/23/96 1.5 

rpd (spike 20 ppm) sample ICP %bio{As) rpd (spike 20 ppm) 

X 
20min 0.101 10 X 

lx 40min 0.15 15 X 

lx 60min 0.161 16 X 

I 

-0 
0\ 

I 
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(12) Sample name: 

samgle tyge: 

PbB 
Iota/ bull< Pb: 

:pig Pb b/o% : 

date: 
1110196 

sample ICP 

20mln 8.153 

40mln 10.319 

&Omin 11.545 

date: 
217196 throw out 

sample ICP 

20mln 2.925 

40min 3.972 

60mln 4.71 

date: 
10/23196 

sample ICP 
20min 7.684 

40mln 9.63 

60mln 11.211 

date: 
10/23/96 

sample ICP 

20min 7.622 

40mln 9.579 

60min 11.265 

date: 
10/23196 

sample ICP 

20mln 7.677 

40min 9.875 

6Dmln 11.083 

o/obio(Pb) 
42% 
53% 

60% 

%blo(Pb) 
15% 
20% 
24% 

o/oblo(Pb) 
40 
50 
50 

% bio(Pb) 
39 
50 
58 

o/oblo(Pb) 
40 
51 
57 

Palmerton Location 4 (Palmerton 4, Porn 4 , New Jersey 

soil 
58% 
2150 Iota/ bull< As : 

54% p/gAsb/o%: 

H: 
1.2 

rpd (spike 20 ppm) 
15% 
20% 

24% 

I PH: date: 

1.4 217196 

rpd (spike 20 ppm sample ICP 

X 20mln 0.19 

X 40mln 0.312 

X 60mln 0.327 

H: 
date: 

1.5 10/23196 

rpd (sglke 20 ppm) sample ICP 

10 20min 0.263 

9 40mln 0.378 

7 60mln 0.449 

H: 
dale: 

1.5 10/23198 

rpd (sgike 20 ppm) sample ICP 

X 20min 0.281 

X 40min 0.387 

X &Omln 0.379 

lgH: 
date: 

1.5 10/23198 

lrpd (spike 20 ppm) sample ICP 

X 
20mln 0.269 

X 
40mln 0.34 

X 
60mln 0.375 

l 

134 
70% 

H: 
1.4 

o/oblo(As) I .Oil (sPike 20ppriif 

16% X 

26% X 

27% X 

IPH: 
1.5 

%bio As) rpd (spike 20 ppm) 

22 X 

31 X 

37 X 

PH: 
1.5 

o/oblo(As) rpd(s lke20ppm) 

23 X 

32 X 

31 X 

iPH: 
1.5 

%blo As li'Pcl (spike 20 ppm) 

22 X 

28 X 

31 X 

in vitro -
blood I 

Pig 1111 

20 40 60 

50-60 

58 

54 

80 100 

....... 
0 
-...l 

I 
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(13) Sample name: 

sample type: 

total bulk Pb: 
human 

I 

date: 
118/96 

sample \CP 

20min 15.987 

40min 17.219 

GO min 17.849 

date: 
10/23/96 

sample \CP 

20min 15.941 

40min 17.845 

60mln 19.124 

date: 
1/8196 

sample ICP 

20min 17.126 

40mln 18.578 

GO min 19.162 

date: 
10/23/96 

sample ICP 

20min 16.681 

40mln 18.75 

GO min 19.026 

date: 
10/24/96 

sample ICP 

20mln 19.852 

40min 21.217 

SO min 22.278 

date: 
10/24/96 

sample \CP 

2Dmin 18.141 

40min 19.52 

60 min J 20.218 

I 

Columbia 33 & 18 - human, Bunker Hill, Idaho 

soil, Pb barite and sulfate 

2924 
23-36 ABA 

lEt!: 
1.5 

% bio (Pb) rpd (spike 20 ppm) 

61% 0.10% 

65% 1.80% 

68% 0.40% 

H: 
1.5 

%bio(Pb) rpd (spike 20 ppm) 

61 X 

68 X 

72 X 

H: 
1.5 

%blo(Pb) rpd (spike 20 ppm) 

65% 0.70% 

71% 3.60% 

73% 4.80% 

H: 
1.5 

% bio (Pb) rpd (spike 20 ppm) 

63 X 

71 X 

72 X 

H: 
1.3 

o/obio(Pb) rpcl (spike 20 ppm) 

75 X 

81% X 

85% X 

I pH: 
1.3 

%bio{Pb) rpd (spike 20 ppm) 

69 X 

74 X 

77 X 

! I i 

RBA in vitro 

I 
RBAhuman 

ABA human 111111111111111 

ABA in vitro IIIII 

20 40 

I 

• 

60 80 100 

I 

68-85 I 

I 

236-3601 

23-36 

6.8-8.5 

,_. 
0 
00 

I 
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(14) Sample name: Leadville + paint 

sample type: soil + NIST paint 

PbB 
82% 

total bulk Pb: 8350 total bulk As : 71 
in vitro • 65-70 

plgPbbio%: 80% plgAsbio%: not done 
blood Ill! 82 

date: I I loH: date: I I I oH: 

218/961 I I 1.2 2181961 I I 1.2 
Pig 

80 

sample IICP I% bio (Pb) lrpd (spike 20 ppm) sample IICP I% bio (As) lrpd (spike 20 ppm) 

20 min I 45.9741 61% 0.80% 20 min I 0.0271 4.20%1 lx 

40min 48.216 64% 2.70% 40 min I 0.0541 8.50%1 lx 

so min 48.688 65% 2.00% 60 min I 0.0591 9.20% 
20 40 60 80 100 

dale: I I loH: I !date: I I loH: 

sample 
1------~~~~~~~~~~~~~~~~~~~~----~-------~------j-------+-

-----~------~-----+------+-----~ 

~m~ 
X 

X 

40 min I 51.9151 691 lx I 140 min I 0.0571 8.1 

l--------+--------\60min \ 52.618\ 70\ x -----------1 \60mln 1 0.058\ .-=8'-".8!1 -flx _____ +l--+--f------+--J------+---f---J-------J 

l--------+------+------+---------1-----+----l----l----+-
---I---I 

1-2 

Pig~ 

- --:-

===! ----- ---------- j ------j--- ----------------- --- ---

f- j_ '""' ...... ~•m••l ,t;.;-"{"" ,_ - :+_i_ii:_ __ vil-ro- ~ I I I I 1- -
·-•~· , "I ____, ,_, - - - ' --

__ P_ b-B . L ... - f t 11200+- - r blood 

total bulkPb; t" -r - 1%, 
- -·---· pig PI> bla% : 

= _tdat.~B/961 ---=±- ~=~ ~-Y-=----~~r -- ___ ~- =~- =--~ t ~--1====---:: :___--_ -----~ 
1.amJ'Ie liCP -~ b_lo (Pb) _1rpd (spike t.O ppm) __ _ _ _j_ ____ t l _ _i _ t ___ __ 

_____ j20min 059_1( __ 060t __ ; ___ 7% L ___ I __ I f _______ _ 

I- ---1- _ 40 min__ 075~' _ Q__70 I ___ 5.90% I i __ 

j~omin L_oes41_ _ooo\__ ; : mL-- J I j - -t _ 2oj _ 4of eol sol 1oo1 

-----1~-- --h~/23196~ - - -\ _ _ ;!itt ~3f h~1231~\- - --( 
!- ! I J -L l-

1•~nit>~• ]1cP ~= 1"'· bioJPbJ !'Pd (splk~~2o ppm) _\sample- Jtct> - 11o/;llio (PbJ 

- r~-~-!llin_- l_ __ 1:127J_____ 1:1l ~ - j_~-~-~ln t ()._9!J?l -

:40 min l 1.547!, 1.5( i J40 min 1.543! 

J6o __ ~J~-~-~-- -1_9441-- -1.9~ r- .jt?l!r:a:!l~- r- -2:.995\ rl{ 
' -0 

"' 

1 
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(16) Sample name: 

sample type: 

PbB 
total bulk Pb: 

I Pig Pb blo% : 

dale: 
219196 

sample ICP 

20mln 15.76 

40mln 17.903 

60mln 18.364 

(17) Sample name: 

sample type: 

PbB I 
total bulk PI>: 
pig PI> blo% : 

date: 
10124/96 

sample ICP 

20min 24.556 

40mln 26.586 

&Omln 27.362 

data: 
10124196 

sample ICP 

20mln 22.173 

40mln 24.391 

&Omln 25.245 

New Munay, Salt lake City, Utah 

soil 
67% 
3200 total bulk As : 

71% plgAsblo%: 

I PH: 
date: 

1.2 
219196 

o/obio (Pb) rpd (spike 20 ppm) sample ICP %blo(As) 

55% 3.90% 20mln 0.318 39% 

62% 4.20% 40mln 0.368 45% 

64% 5.20% &Omln 0.386 47% 

Smuggler, Aspen Residential, Colorado(Aspen 3870, Aspen RIN008) 

58 
3870 total bulk As : 

61% jplgAsblo% 

H: 
date: 

1.4 
10/24/96 

%blo(Pb rpd (spike 20 ppm sample ICP %blo(As) 

71.00% X 
20mln 0.105 69 

76.00% X 40mln 0.214 140 

78% X 
&Omin 0.143 94 

H: 
date: 

1.4 
10/24/96 

%bio(Pb ,rpd (spike 20 ppm) sample ICP o/oblo(As) 

64 X 
20mln 0.135 88 

70 X 
40mln 0.109 71 

73 X 
so min 0.105 69 

365 
In vitro 

38% 
blood 

H: 
1.2 

Pig 

rpd (spike 20 ppm) 

X 

X 

X 
20 

17 
In vitro 

57% 
blood 

PH: 
1.4 

Pig 

.rpd (spike 20 ppm) 

X 

X 

X 
20 

H: 
1.4 

rpd (s Ike 20 ppm) 

X 

X 

X 

;I 

I 

1111 

40 60 80 

• 
I 

40 60 80 

100 

73-78 

58 

61 

100 

64 

67 

71 

I 

I 
J 

,_. 
,_. 
0 

I 
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(18) Sample name: Grant's Fann, Silver Bow creek, Montana (SB-03, SB-05) 

sample type: 1\:l soil 

total bulk Pb: 130 tots/ bulk As : 

o/gPbblo%: 
o/gAsblo% 

date: H: dale: 

8/12196 1.3 8/12/96 

sample ICP % bio(Pb) ln>d (spike 20 ppm) sample ICP %bio As 

20mln 1.117 16.00% X 20min 0.188 

40min 0.798 12.00% X 40min 0.144 

&Omln 0.82 10% X &Omln 0.118 

dale: H: date: 

10124196 1.4 10/24196 

sample ICP %bio Pb I n>d &Pike 20 ppm sample ICP %bio As 

20min 0.231 20 X 20mln 0.327 

40min 0.197 17 X 40mln 0.467 

&Omin 0.177 15 X 
&Omin 0.514 

dale: H: dale: 

10124/96 1.4 10124196 

sample ICP %blo(Pb rpd (spike 20 ppm sample ICP %bio As 

20mln 0.122 10 X 20min 0.366 

40min 0.13 11 X 40min 0.427 

&Omln 0.139 12 X &Omln 0.489 

dale: H: date: 

8/12196 
1.3 8/12196 

sample ICP %blo Pb ln>d SPike 20 PPm) sample ICP %blo(As 

20min 0.152 13.00% X 20min 0.936 

40min 0.146 13.00% X 40min 1.005 

&Omln 0.182 16% X 
&Omln 1.082 

date: 
H: 

date: 

10124198 
1.4 10124/96 

sample ICP %bio (Pb rpd soike 20 porn) sa mole ICP % bio As 

20min 0.166 16 X 
20min 0.546 

40min 0.243 21 X 
40mln 0.979 

60min 0.277 24 X 
&Omln 0.716 

date: 
H: 

date: 

10/24/98 
1.4 10/24/96 

sample ICP %bio Pb) rpd spike 20 ppm) sample ICP %bio As 

20min 0.183 16 X 
20min 0.529 

40min 0.192 16 X 
40min 0.635 

&Omln 0.2 17 X 
&Omin 0.758 

date: 
H: 

date: 

2/1/97 
1.5 2/1/97 

sample ICP %blo(Pb rpd (spike 20 ppm) sample ICP %bio As) 

20min 0.054 4.6 X 
20min 0.395 

40min 0.1 8.5 X 
40min 0.508 

&Omin 0.076 6.5 X &Omln 0.649 

181 As in vitro 
30-66 

54% 
blood nla 

H: 
1.3 As urinary Pig II 54 

lii>il s Ike 20 ppm) 

68 X 

49 X 

50 X 
20 40 60 80 100 

loH: 
1.4 

I n>d (spike 20 Ppm) 

20 X 

29 X 

32 X 

H: 
1.4 

rpd (spike 20 PPm 

23 X 

26 X 

30 X 

H: 
1.3 

lrnd (spike 20 pom 

58 X 

62 X 

66 X 

H: 
1.4 

rpd (spike 20 pPm) 

34 X 

44 X 

49 X 

H: 
1.4 

n>d (s ike 20 pom) 

33 X 

39 X 

47 X 

H: 
1.5 

rpd (spike 20 ppm) 

24 X 

31 X 

40 X 
---

I 


